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ABSTRACT 

The structural factors influencing the formation, organization, and temperature 

ranges of the solid and smectic phases of a structurally-diverse family of 

phosphonium salts in the absence or presence of a small amount of an organic liquid 

(solute) have been examined.  The salts consist of one short group and three 

(equivalent) long n-alkyl chains attached to a positively charged phosphorus atom 

and either a free or covalently-attached counterion, the latter resulting in zwitterionic 

salts.  Most of these salts pack in lamellae within their solid phases.  Based on the 

single-crystal X-ray structures of an amidomethyl- and a carboxymethyl-tri-

tetradecylphosphonium bromide and proposed packing models based on powder X-

ray diffraction data, the ordered phases consist almost exclusively of stacks of 

bilayers in which the phosphonium cationic centers and anions are arranged 

alternately to form ionic planes that separate lipophilic layers.  

The tri-alkylmethylphosphonium salts with small anions do not form liquid-

crystalline phases as a consequence of strong alternating intra- and inter-molecular 

electrostatic interactions within their ionic planes.  Decreasing the order within their 
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ionic planes has been accomplished by increasing the size of anions, by attaching 

covalently a functional group (hydroxymethylene, carboxy, or amido) to the methyl 

group attached to phosphorus, or by adding a small amount of an organic liquid.  The 

order within the lipophilic layers was increased by extending the length of the three 

long n-alkyl chains of salts.  Correlations among all of these molecular structure 

factors and the properties of the phases are presented in order to discern the optimal 

structures leading to liquid crystallinity over broad temperature ranges that 

commence at low temperatures.   

The order parameters of selectively deuterated phosphonium salts in their liquid-

crystalline phases and their solutes, as low as 10-2, have been measured by NMR 

spectroscopy.  These order parameters are much lower than the values found when 

the host is a commonly employed thermotropic liquid crystal.  The dependence of 

the order parameters on temperature, the type and concentration of the solutes, the 

nature of the anions, and the lengths of long n-alkyl chains of salts has been 

assessed; the factors leading to the lowest (non-zero) order parameters have been 

determined.   The results, in toto, indicate that several of the phosphonium salts are 

very promising as hosts to determine solute structures, as demonstrated by 13C-

enriched acetonitrile as a model molecule.  

A new reagent, tri-decylmethylphosphonium tribromide, and new procedures for 

bromination reactions of unsaturated substrates (including one that allows several 
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substrates to be reacted in sequence) are described. The procedures exploit the 

diffusion of components, and the densities and immiscibilities of layers, including a 

fluorous ‘spacer’ layer, within a reaction vessel. The stereoselectivities achieved in 

the reactions are superior in some cases to those found with other brominating 

reagents. 
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Chapter 1 

Introduction 

1.1 Ionic liquid crystals 

Liquid crystals (LCs) represent a state of matter intermediate between three-

dimensional solids and ordinary liquids, and are classically defined as “those 

orientationally ordered phases that occur between the breakdown of 

positional/transitional order on melting a solid, and the breakdown of orientational 

order on melting to a liquid”.1 There are two main ways by which LCs form and they 

lead to three different types: thermotropics (by purely thermal processes), lyotropics 

(by the influence of solvents) and amphotropics (showing both thermotropic and 

solvent-induced characteristics).2 Ionic liquid crystals (ILCs) are a class of liquid-

crystalline compounds containing anions and cations.  

Ionic liquids (ILs), defined commonly to be molten salts with melting points 

below 100 ºC,3 are a subject of continuing interest not only because may have 

negligible vapor pressure, low flammability, high electrochemical and thermal 

stabilities, and high ionic and thermal conductivities, but also because their 

properties can be tuned for many applications.4 In addition to many being ‘green’ 

solvents,5 ILs have been used for a myriad of applications in diverse synthetic 

reactions,6,7 separations and extractions,8 and electrochemical,9 nanotechnological,10 
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biotechnological,11 and engineering12 processes. Appropriately designed ionic liquids 

may also be liquid crystalline over temperature ranges that are smaller than those of 

the liquid phase.13 In those cases, their anisotropic molecular packing arrangements 

are driven by electrostatic interactions and microsegregation between ionic and 

lipophilic regions.14 The physical and chemical properties of ionic liquid crystals can 

differ significantly from those of uncharged liquid crystals.14a,15 ILCs, materials that 

combine the interesting solvent properties of ILs and the self-organizing behavior of 

LCs, may be useful in fundamental and applied applications where neither ILs nor 

LCs are effective.16 

1.2 Quaternary phosphonium salts 

Phosphonium salts with one or two long n-alkyl chains have been studied 

intensely because they are surfactants17 and the latter are models for phospholipids.18 

They and their combinations can form various lyotropic aggregate systems, 

including micelles, when dissolved in a solvent, especially water. Although 

phosphonium salts with four equivalent long n-alkyl chains do not form liquid 

crystalline phases, 19  many of the ones with 3 long chains and one short one do. 20,21 

The manner in which the packing of the phosphonium salts with one, two, three, and 

four long chains pack in their solid and liquid-crystalline phases is instructive in 

learning how to design mesophases with specific bulk properties that might be useful 

for designated tasks. 
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Previously, we reported the phase characteristics of a large number of 

phosphonium salts with 3 long n-alkyl chains, [H(CH2)n]3P+(CH2)mY X¯ (mPnX) 

(Figure 1-1), where n = 10, 14, 18, m = 0- 5 when Y=H, and X¯ can be any of a 

variety of anions such as a halide, NO3¯, ClO4¯, BF4¯, PF6¯, etc,20 and 1P18BzBr (Y 

= C6H5).21 Almost all of these mPnX salts have lamellar packing structures in their 

solid phases and, in those cases where single crystal data are available (N.B., 

1N18BzBr21 and salts with 4 equivalent long n-alkyl chains), the molecules are 

organized in bilayers with cations and anions alternating within ionic planes 

separating the long lipophilic chains. In the liquid-crystalline phases of the mPnX, 

the molecular directors are found to be normal to the plane of the bilayers, resulting 

in enantiotropic phases which are most precisely characterized as bilayer smectic A 

(SmA2).  

 

P
+

H(CH2)

H(CH2)
(CH2) Y

X
H(CH2)

n

n

n

m

 

Figure 1-1. Molecular structures of mPnX salts with Y = H, or 1P18BzX with n=18, 

m=18 and Y = C6H5. 

These salts are easily synthesized and stable in air up to 200 ºC.  Because of the 

many modifications that can be incorporated within the general structural motif, the 
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completely saturated nature of their cations and the simplicity of their anions, their 

transparency in the visible and near UV regions, and their generally broader 

mesomorphic temperature ranges and higher stabilities toward thermal and chemical 

degradation than their homologous ammonium salts,22 we envision a wide variety of 

applications for the mPnX salts. For example, several mP18X salts have been 

employed as templating agents to form porous, nanostructured silica and titania 

objects.23 The ionic liquid, tri-decylmethylphosphonium tribromide (1P10Br3), has 

been exploited as a recyclable and ‘green’ brominating agent that demonstrates 

stereoselectivities different from many other reagents.24 Ionic liquids of tri-

hexyltetradecylphosphonium salts have been used as media in palladium-catalyzed 

carbonylation reactions.25  Liquid-crystallinity of phosphonium salts may impart 

unique stereo- and regio-controls over solute reactions that isotropic salts do not.26 

Because they are much easier to align in magnetic fields and their order parameters 

are generally much lower (~10-2) 20c,20d,27 ,28 than those of other thermotropic smectic 

phases, SmA2 phases of phosphonium salts also hold promise as nonaqueous, 

nonpolymeric hosts in NMR studies to determine the molecular geometries and 

orientations of solute molecules.29,30 

These salts have several properties that may make them preferable for many 

applications to the more common ionic liquid crystals based on imidazolium, 

pyridinium or pyridinium salts.13 These include their saturated organic structures, 
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simplicity of purification, lack of absorption in the visible and near-UV regions, and 

lower toxicity.31  

1.3 The goal of this thesis research 

Major objectives of this thesis include: 

(1) Determination of the correlations between the phase properties and structural 

factors of phosphonium salts with one short and three long n-alkyl chains 

attached to phosphorus. 

(2) Exploration of molecular designs or structural modifications for new 

phosphonium-based ionic liquid crystals to maximize their effectiveness in 

applications. 

(3)  Exploration of the amphotropic properties of these ionic liquid crystals upon 

addition of small amount of organic liquids. 

(4) Optimization of mixtures of salts and added solutes to minimize the order 

parameter (above a non-zero value), and to assess the degree of their 

orienting abilities of the solutes. 

(5) Use of their dynamic orientations in liquid-crystalline phases for solute 

structural studies and measurement of residual orientations in isotropic 

phases for stereroselective brominations. 
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Chapter 2 

Design Criteria for Ionic Liquid Crystalline Phases of Phosphonium 

Salts with Three Equivalent Long n-Alkyl Chains 

2.1 Introduction 

It is important to ascertain the structural factors that lead to liquid crystallinity in 

phosphonium salts so that reliable design criteria for specific uses are available. 

Here, we explore those criteria. They include variations of the short chain length or 

terminal functionality (m or Y, respectively), the length of the long chains (n), and 

the nature of the anions (X) on phase properties. Among the new materials 

synthesized and characterized are phosphonium salts (mPnYX), with a 

hydroxymethylene, carboxy, or amido functional group Y covalently attached to the 

α-methyl group of a 1PnX salt, and zwitterions (mPnCO2 and 3PnSO3), which 

consist of a carboxylate or sulfonate anion connected covalently to the end of the 

shortest chain (Figure 2-1). The analyses rely heavily upon the single crystal data for 

1P14CONH2Br and 1P14CO2HBr, and their relationship to the packing of the other 

phosphonium salts (as indicated by comparisons among powder X-ray diffractions of 

other salts).  A comprehensive comparison of structure and phase properties among 

the mPnYX and 1PnX and the trends in the phase properties detected among the 
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different variables lead to a comprehensive hypothesis for what is needed 

structurally to stabilize a liquid-crystal phase. 

H(CH2)
H(CH2)
H(CH2)

P
+ (CH2) Y

X

H(CH2)
H(CH2)
H(CH2)

P
+ (CH2) Y

n

n

n

m

n

n

n

mPnYX mPnY

Y = H, CO2H, CONH2, OH

X- = a halide, NO3
-, BF4

-,

m

n = 6, 10, 14, 18
m = 1-3

Y- = CO2
-, SO3

-

ClO4
-, PF6

-, (F3CO2S)2N
-

 

Figure 2-1. Molecular structures of phosphonium salts (mPnYX) and zwitterions 

(mPnY) investigated. 

2.2 Experimental Section 

2.2.1 Instrumentation 

1H, 31P and 19F NMR spectra were recorded in CDCl3 solutions on a Varian Unity 

Inova 300 MHz spectrometer. Chemical shifts were referenced to an internal 

tetramethylsilane (TMS) (1H) standard, or external standards consisting of sealed 

capillary tubes containing either 85% H3PO4 (31P) or trifluoroacetic acid (19F, δ -77.0 

ppm in CDCl3) which were placed in 5-mm NMR tubes with the samples. Elemental 

analyses were carried out on a Perkin-Elmer 2400 CHN Elemental Analyzer 

equipped with a Perkin-Elmer AD-6 autobalance. Samples that were unstable at 
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room temperature were prepared at ice temperatures and dropped quickly into the 

burning chamber of the analyzer after they were opened.  IR spectra were recorded 

on a Perkin-Elmer Spectrum One FTIR spectrometer interfaced to a PC; neat 

samples were applied directly onto the surface of a Miracle ATR accessory bar. 

Phase transition temperatures and polarized optical micrographs (POMs) were 

obtained on a Leitz 585 SM-LUX-POL microscope with crossed polarizers, a 

Photometrics CCD camera interfaced to a computer, and a Leitz 350 heating-cooling 

stage using a J-K-T thermocouple connected to an Omega HH503 microprocessor 

thermometer (corrected). Thermal gravimetic analyses (TGA) and differential 

scanning calorimetry (DSC) were performed under nitrogen atmospheres on a TA 

Q50 thermogravimetric analyzer at a 5 ºC/min heating rate and on a TA Q200 DSC 

cell base with a refrigerated cooling system (RCS90), respectively, both of which 

were interfaced to a computer with a TA Thermal Analyst 3100 controller. 

Single crystal structural data were collected at -100±2 °C on a standard Siemens 

SMART CCD-based X-ray diffractometer equipped with a normal focus Mo-target 

X-ray tube (λ= 0.71073 Å) operating at 2000 W power (50 kV and 40 mA). The 

structures were solved by direct methods and the subsequent difference Fourier 

methods, and then refined using the Siemens SHELX-9732 software package with the 

assistance of the X-Seed program.33 The non-hydrogen atoms were refined 

anisotropically. The hydrogen atom of the carboxyl group was found through a 
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Fourier-difference synthesis and refined isotropically, and other hydrogen atoms 

were placed in idealized positions and thereafter allowed to ride on their parent 

atoms. These data and most of the analyses were obtained by Dr. Kwang-Ming Lee. 

Powder X-ray diffraction patterns (PXRD) were obtained on a Rigaku 

RAPID/XRD image plate system using Cu Kα radiation (λ = 1.54 Å) from a Rigaku 

generator. Temperature control, based on flowing nitrogen gas that was heated over a 

filament or cooled by liquid nitrogen and passed through a thermocouple with a 

feedback loop, was estimated to be ± 0.5 ºC. Samples were loaded into 0.5 mm 

diameter glass capillaries (W. Müller, Schönwalde, FRG) which were immediately 

flame-sealed. Diffractions in degrees (2θ) were converted to distances (d) using the 

Bragg equation (λ = 2dsinθ).34 

2.2.2 Materials 

tri-Octadecylphosphine, tri-tetradecylphosphine, tri-decylphosphine and tri-

hexylphosphine were gifts from Dr. Allan Robertson, Cytec Industry, Niagara Falls, 

Ontario, Canada, and were used without further purification. Solvents (HPLC grade, 

Fisher Scientific), bromomethane (2.0 M in anhydrous tert-butyl methyl ether, 

Aldrich), iodomethane (99%, Aldrich), iodomethane-d3 (99.5 atom % D, Aldrich), 

bromoacetic acid (99%, Aldrich), 2-bromoacetamide (98%, Aldrich), 2-

bromoethanol (96%, Alfa Aesar), acrylic acid (99%, Aldrich), 1,3-propanesultone 

(98%, Aldrich), potassium ethyl xanthane (98%, Lancaster Synthesis), hydrochloric 
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acid (37%, EM Science), nitric acid (70%, EM Science), hydrofluoric acid (48%, 

Aldrich), perchloric acid (ACS reagent, 60%, Aldrich), tetrafluoroboric acid (50%, 

Aldrich), hexafluorophosphoric acid (60%, Aldrich), lithium 

bis(trifluoromethylsulfonyl) imide (97%, Aldrich), potassium hydroxide (Certified 

ACS pellets, Fisher Scientific) were used as received.  

2.2.3 Syntheses 

2.2.3.1 General procedure for the syntheses of phosphonium salts and zwitterions 

In a glove box purged with nitrogen, tri-alkylphosphine was transferred to a 

round-bottom flask containing a stirring bar. Nitrogen was bubbled for ca. 20 min 

through a nitrogen-saturated chloroform solution of 1.2 molar equivalents of 

bromomethane, 2-bromoethanol, bromoacetic acid, 2-bromoacetamide (for 

producing phosphonim bromides), iodomethane, iodotrideuteriomethane (for 

producing phosphonium iodides), acrylic acid, or 1,3-propanesultone (for producing 

phosphonium zwitterions) as a second reactant in a separate flask that was sealed 

with a septum (except for nitrogen inlet and outlet needles), and then the liquid was 

added by syringe to the flask with the phosphine. The combined solution was stirred 

continuously for 1 day at room temperature under nitrogen, reduced on a rotary 

evaporator to a clear oil, and recrystallized (3×) from ethyl acetate. Salts with n = 14 

and 18 were filtered at room temperature; solutions of those with n = 10 were cooled 

in a dry-ice bath and filtered using a Büchner funnel packed in dry-ice. 
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Syntheses of other phosphonium salts started with the bromides (i.e., 2PnOHBr, 

1PnCO2HBr and 1PnBr), or iodides (1DPnI, 1D = α-CD3) containing a 

trideutriomethyl group attached to phosphorus.  A mixture of a phosphonium 

bromide or iodide and 1.2 molar equivalents of potassium ethyl xanthate in 

chloroform was stirred for 2-3 days at room temperature, and filtered. A 

concentrated acid (or other species; see below for the mPnYTf2) containing the 

anion of choice was added to the yellow filtrate, whose volume was adjusted to form 

a ca. 0.5M chloroform solution of phosphonium ethyl xanthate.35 The mixture was 

stirred for an additional day, initially in an ice-bath that was allowed to melt slowly 

to room temperature. The mPnYTf2 (Tf2= (CF3SO2)2N¯) salts were obtained directly 

by stirring a mixture of a corresponding phosphonium bromide (mPnYBr) and 1.2 

molar equivalents of lithium bis(trifluoromethylsulfonyl) imide in a mixture of 4:1 

(vol:vol) chloroform:water for 3 days at room temperature. The organic layer was 

washed with deionized water twice, concentrated to an oil on a rotary evaporator, 

recrystallized (3×) from ethyl acetate or hexanes, and filtered. 

2.2.3.2 Previously reported phosphonium salts and characterization data 

1PnX (n = 10, 14, 18; X = Cl, Br), 1PnBF4 (n = 10, 14) and 1P10PF6 were 

synthesized according to reported procedures.20a,20b 

tri-Decylmethylphosphonium bromide (1P10Br). TK-I: 98.8 – 100.7 °C (lit. 

97.5 - 99.5 °C20b). 1H NMR (CDCl3): δ 2.45 (m, 6H), 2.13 (d, 3H, 2JPCH3 =13.5 Hz), 
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1.50 (m, 12H), 1.26 (m, 36H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.33 ppm. . 

Anal. Calcd. for C31H66BrP: C, 67.73; H, 12.10. Found: C, 67.48; H: 12.40. 

Methyl-tri-tetradecylphosphonium bromide (1P14Br). TK-SmA2: 103.6 – 104.7 

°C (lit. 103.5 °C20a); TSmA2-I: 113.2 – 114.0 °C (lit. 112.4 °C20a). 1H NMR (CDCl3): δ 

2.47 (m, 6H), 2.14 (d, 3H, 2JPCH3 =13.8 Hz), 1.50 (m, 12H), 1.26 (m, 60H), 0.88 (t, 

9H) ppm. 31P NMR (CDCl3): δ 32.25 ppm. Anal. Calcd. for C43H90BrP: C, 71.93; H, 

12.63. Found: C, 71.97; H, 12.83. 

Methyl-tri-octadecylphosphonium bromide (1P18Br). TK-SmA2: 95.9 – 97.1 °C 

(lit. 99.4 °C20a); TSmA2-I: 106.2 – 107.2 °C (lit. 106.9 °C20a). 1H NMR (CDCl3): δ 2.46 

(m, 6H), 2.14 (d, 3H, 2JPCH3 =13.5 Hz), 1.51 (m, 12H), 1.26 (m, 84H), 0.88 (t, 9H) 

ppm. 31P NMR (CDCl3): δ 32.31 ppm. Anal. Calcd. for C55H114BrP: C, 74.53; H, 

12.96. Found: C, 74.49; H, 13.09. 

tri-Decylmethylphosphonium chloride (1P10Cl). TK-I: 103.2 – 105.2 (lit. 96.2 - 

97.9 °C20b). 1H NMR (CDCl3): δ 2.45 (m, 6H), 2.13 (d, 3H, 2JPCH3 =13.5 Hz), 1.51 

(m, 12H), 1.26 (m, 36H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.2 ppm. Anal. 

Calcd. for C31H66ClP: C, 73.69; H, 13.17. Found: C, 73.27; H: 13.61. 

Methyl-tri-tetradecylphosphonium chloride (1P14Cl). TK-I: 106.2 – 107.1 °C 

(lit. 105.0 – 105.5 °C20b). 1H NMR (CDCl3): δ 2.46 (m, 6H), 2.14 (d, 3H, 2JPCH3 

=13.5 Hz), 1.50 (m, 12H), 1.26 (m, 60H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 



14 

32.64 ppm. Anal. Calcd. for C43H90ClP: C, 76.67; H, 13.47. Found: C, 76.92; H, 

13.41. 

Methyl-tri-octadecylphosphonium chloride (1P18Cl). TK-I: 100.8 – 101.6 (lit. 

95.5 - 97.5 °C20b). 1H NMR (CDCl3): δ 2.45 (m, 6H), 2.13 (d, 3H, 2JPCH3 =13.5 Hz), 

1.50 (m, 12H), 1.25 (m, 84H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.67 ppm. 

Anal. Calcd. for C55H114ClP: C, 78.46; H, 13.65. Found: C, 78.69; H, 13.73. 

tri-Decylmethylphosphonium tetrafluoroborate (1P10BF4). TK-SmA2 25.6 – 

28.2 °C (lit. 32.5 ºC20a), TSmA2-I 44.9 – 46.8 °C (lit. 49.3 °C20a). 1H NMR (CDCl3): δ 

2.14 (m, 6H), 1.82 (d, 3H, 2JPCH3 =13.2 Hz), 1.48-1.26 (m, 48H), 0.88 (t, 9H) ppm. 

31P NMR (CDCl3): δ 32.24 ppm. 19F NMR (CDCl3): δ -150.05 ppm. Anal. Calcd. for 

C31H66BF4P: C, 66.89; H, 11.95. Found: C, 67.15; H, 12.31. 

Methyl-tri-tetradecylphosphonium tetrafluoroborate (1P14BF4). TK-SmA2 55.2 

– 56.5 °C (lit. 52.6 ºC20a), TSmA2-I 99.1 – 99.8 °C (lit. 100.6 °C20a). 1H NMR (CDCl3): 

δ 2.16 (m, 6H), 1.82 (d, 3H, 2JPCH3 =13.2 Hz), 1.48-1.26 (m, 72H), 0.88 (t, 9H) ppm. 

31P NMR (CDCl3): δ 32.23 ppm. 19F NMR (CDCl3): δ -149.99 ppm. Anal. Calcd. for 

C43H90BF4P: C, 71.24; H, 12.92. Found: C, 71.45; H, 12.86. 

tri-Decylmethylphosphonium hexafluorophosphate (1P10PF6). TK-I 49.6 – 

51.8 °C (lit. 55.5 – 56.1 °C20a). 1H NMR (CDCl3): δ 2.11 (m, 6H), 1.78 (d, 3H, 

2JPCH3 =13.2 Hz), 1.48-1.26 (m, 48H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.00 

(s) and -143.67 (sept, 1JP-F = 712.9 Hz) ppm. 19F NMR (CDCl3): δ -70.93 (d, 6F 1JP-F 
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= 713.3 Hz) ppm. Anal. Calcd. for C31H66F6P2: C, 60.56; H, 10.82. Found: C, 60.85; 

H, 11.05. 

2.2.3.3 New phosphonium salts and characterization data 

tri-Decylmethylphosphonium iodide (1P10I) from 31.3 g (68.9 mmol) tri-

decylphosphine and 10.8 g (76.0 mmol) iodomethane afforded 29.4 g (72%) of a 

white solid at -77 ºC and a deformable solid (after drying in a vacuum desiccators 

beside P2O5) at room temperature: TK-I 62.2 – 64.2 °C. 1H NMR (CDCl3): δ 2.45 (m, 

6H), 2.12 (d, 3H, 2JPCH3 =13.5 Hz), 1.52-1.26 (m, 48H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 31.96 ppm. Calcd. for C31H66IP: C, 62.40; H, 11.15. Found: C, 62.52; H, 

11.46. 

tri-Tetradecyl-trideuteriomethylphosphonium iodide (1DP14I) from 27.1 g 

(43.5 mmol) tri-tetradecylphosphine and 7.0 g (47.3 mmol) iodotrideuteriomethane 

afforded 27.8 g (83%) of a white solid at room temperature: TK-SmA2 63.4 – 65.7 °C, 

TSmA2-I 112.3 – 113.5 °C. 1H NMR (CDCl3): δ 2.45 (m, 6H), 1.52-1.26 (m, 72H), 

0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 31.62 ppm. Anal. Calcd. for C43H87IPD3: C, 

67.24; H+D, 12.03. Found: C, 67.31; H, 12.20. 

tri-Decyl-(2-hydroxylethyl)phosphonium bromide (2P10OHBr) from 13.98 g 

(30.8 mmol) tri-decylphosphine and 4.62 g (37.0 mmol) 2-bromoethanol to afford 

12.5g (70%) of a white solid at -77 ºC and a transparent deformable solid (after 

drying in a vacuum desiccator in the presence of P2O5) at room temperature: TK-SmA2 
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46.9-49.2 °C, TSmA2-I 66.5-68.1 °C. 1H NMR (CDCl3): δ 4.09 (dt, 2H, 2JPCH2CO = 21.2 

Hz; 3JCH2CH2O = 5.6 Hz), 2.68 (m, 2H), 2.36 (m, 6H), 1.52 (m, 12H), 1.27 (m, 36H), 

0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 33.55 ppm. IR: 3257 cm-1 (broad, O-H). 

Anal. Calcd. for C32H68BrPO: C, 66.29; H, 11.82. Found: C, 66.52; H, 11.75. 

tri-Tetradecyl-(2-hydroxylethyl)phosphonium bromide (2P14OHBr) from 

6.42 g (10.3 mmol) tri-tetradecylphosphine and 1.55 g (12.4 mmol) 2-bromoethanol 

to afford 5.2 g (67%) of a white solid: TK-SmA2 58.4-62.0 °C, TSmA2-I 97.6-99.0 °C. 1H 

NMR (CDCl3): δ 4.10 (dt, 2H, 2JPCH2CO = 21.2 Hz; 3JCH2CH2O =  5.6 Hz), 2.66 (m, 

2H), 2.35 (m, 6H), 1.52 (m, 12H), 1.26 (m, 60H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 33.94 ppm. IR: 3246 cm-1 (broad, O-H). Anal. Calcd. for C44H92BrPO: C, 

70.64; H, 12.40. Found: C, 70.95; H, 12.21. 

tri-Octadecyl-(2-hydroxylethyl)phosphonium bromide (2P18OHBr) from 

8.95 g (11.3 mmol) tri-octadecylphosphine and 1.70 g (13.6 mmol) 2-bromoethanol 

to afford 7.0 g (67%) of a white solid: TK-I 77.1-78.8 °C. 1H NMR (CDCl3): δ 4.10 

(dt, 2H, 2JPCH2CO = 21.1 Hz; 3JCH2CH2O = 5.6 Hz), 2.65 (m, 2H), 2.34 (m, 6H), 1.53 

(m, 12H), 1.26 (m, 84H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 33.98 ppm. IR: 

3246 cm-1 (broad, O-H). Anal. Calcd. for C56H116BrPO: C, 73.40; H, 12.76. Found: 

C, 73.64; H, 12.86. 

Carboxymethyl-tri-decylphosphonium bromide (1P10CO2HBr) from 7.75 g 

(17.1 mmol) tri-decylphosphine and 2.85 g (20.5 mmol) bromoacetic acid afforded 
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7.56 g (75%) of a white solid at -77 ºC and a transparent deformable solid (after 

drying in a vacuum desiccator in the presence of P2O5) at room temperature: TK-I 

58.5 – 60.2 °C; 1H NMR (CDCl3): δ 4.08 (d, 2H, 2JPCH2CO = 13.2 Hz), 2.42 (m, 6H), 

1.59-1.46 (m, 48H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 31.89 ppm. IR: 1724 cm-

1 (strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. Calcd. for C32H66BrPO2: C, 

64.73; H, 11.20. Found: C, 64.54; H, 11.29. 

Carboxymethyl-tri-tetradecylphosphonium bromide (1P14CO2HBr) from 

8.31 g (13.4 mmol) tri-tetradecylphosphine and 2.20 g (15.8 mmol) bromoacetic acid 

afforded 6.56 g (65%) of a white solid at room temperature: TK-SmA2 71.5 – 73.4 °C, 

TSmA2-I 89.8 – 91.2 °C. 1H NMR (CDCl3): δ 4.08 (d, 2H, 2JPCH2CO = 13.2 Hz), 2.40 

(m, 6H), 1.58-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 31.85 ppm. IR: 

1723 cm-1 (strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. Calcd. for 

C44H90BrPO2: C, 69.35; H, 11.90. Found: C, 69.32; H, 12.09. 

Carboxymethyl-tri-octadecylphosphonium bromide (1P18CO2HBr) from 

7.76 g (9.8 mmol) tri-octadecylphosphine and 1.64 g (11.8 mmol) bromoacetic acid 

afforded 4.95 g (54%) of a white solid at room temperature: TK-I 87.4 – 89.2 °C. 1H 

NMR (CDCl3): δ 4.08 (d, 2H, 2JPCH2CO = 12.9 Hz), 2.41 (m, 6H), 1.58 (m, 6H), 1.47 

-1.26 (m, 96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 31.88 ppm. IR: 1725 cm-1 

(strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. Calcd. for C56H114BrPO2: C, 

72.29; H, 12.35. Found: C, 71.94; H, 12.66. 
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Amidomethyl-tri-decylphosphonium bromide (1P10CONH2Br) from 4.90 g 

(10.8 mmol) tri-decylphosphine and 1.77 g (12.8 mmol) 2-bromoacetamide to afford 

4.66 g (73%) of a white solid at -77 ºC and a liquid (after drying in a vacuum 

desiccators beside P2O5) at room temperature: TK-I -12.6 – -10.4 °C. 1H NMR 

(CDCl3): δ 8.85 (s, 1H), 5.79 (s, 1H), 4.03 (d, 2H, 2JPCH2CO = 14.4 Hz), 2.35 (m, 6H), 

1.60-1.26 (m, 48H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.51 ppm. IR: 3300 and 

3144 cm-1 (medium, N-H), 1678 cm-1 (sharp, C=O). Anal. Calcd. for C32H67NBrPO: 

C, 64.84; H, 11.39; N, 2.36. Found: C, 64.64; H, 11.45; N, 2.50. 

Amidomethyl-tri-tetradecylphosphonium bromide (1P14CONH2Br) from 

5.61 g (9.0 mmol) tri-tetradecylphosphine and 1.50 g (10.9 mmol) 2-

bromoacetamide to afford 4.51 g (66%) of a white solid at room temperature: TK-I 

44.5 – 45.9 °C. 1H NMR (CDCl3): δ 8.82 (s, 1H), 5.90 (s, 1H), 4.06 (d, 2H, 2JPCH2CO 

= 14.4 Hz), 2.37 (m, 6H), 1.62-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 

32.51 ppm. IR: 3327 and 3135 cm-1 (medium, N-H), 1684 cm-1 (sharp, C=O). Anal. 

Calcd. for C44H91NBrPO: C, 69.44; H, 12.05; N, 1.84. Found: C, 69.31; H, 12.43; N, 

1.86. 

Amidomethyl-tri-octadecylphosphonium bromide (1P18CONH2Br) from 

7.17 g (9.1 mmol) tri-octadecylphosphine and 1.52 g (11.0 mmol) 2-bromoacetamide 

to afford 4.50 g (53%) of a white solid at room temperature: TK-I 52.1 – 53.9 °C. 1H 

NMR (CDCl3): δ 8.86 (s, 1H), 5.77 (s, 1H), 4.04 (d, 2H, 2JPCH2CO = 14.1 Hz), 2.34 
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(m, 6H), 1.61-1.26 (m, 96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.49 ppm. IR: 

3295 and 3140 cm-1 (medium, N-H), 1677 cm-1 (sharp, C=O). Anal. Calcd. for 

C56H115NBrPO: C, 72.37; H, 12.47; N, 1.51. Found: C, 72.70; H, 12.38; N, 1.64. 

tri-Decyltrideuteriomethylphosphonium nitrate (1DP10NO3) from 16.2 g 

(35.7 mmol) tri-decylphosphine and 6.3 g (43.4 mmol) iodotrideuteriomethane, and 

then 6.9 g (43.1) potassium ethyl xanthate, followed by addition of 3.2 mL (45.1 

mmol) conc. HNO3 to yield 10.3 g (54%) of of a white solid at -77 ºC and a 

deformable solid (after drying in a vacuum desiccators beside P2O5) at room 

temperature: TK-SmA2 51.2 – 53.1 °C (lit. 59.7 ºC20b for 1P10NO3), TSmA2-I 81.7 – 83.5 

°C (lit. 82.5 °C20b for 1P10NO3). 1H NMR (CDCl3): δ 2.29 (m, 6H), 1.50-1.26 (m, 

48H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.08 ppm. Anal. Calcd. for 

C31H63NO3PD3: C, 69.61; H+D, 13.00; N, 2.62. Found: C, 69.68; H: 12.95; N, 2.38. 

tri-Tetradecyltrideuteriomethylphosphonium nitrate (1DP14NO3) from 7.8 g 

(12.5 mmol) tri-tetradecylphosphine and 2.2 g (15.2 mmol) iodotrideuteriomethane, 

and then 2.5 g (15.6) potassium ethyl xanthate, followed by addition of 1.2 mL (16.9 

mmol) conc. HNO3 to yield 4.2 g (48%) of a white solid: TK-SmA2 40.1 – 42.6 °C (lit. 

43.4 ºC20a for 1P14NO3), TSmA2-I 98.1 – 99.6 °C (lit. 110.4 °C20a for 1P14NO3). 1H 

NMR (CDCl3): δ 2.26 (m, 6H), 1.49-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 32.14 ppm. Anal. Calcd. for C43H87NO3PD3: C, 73.45; H+D, 13.33; N, 

1.99. Found: C, 73.08; H: 13.60; N, 1.98. 
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tri-Octadecyltrideuteriomethylphosphonium nitrate (1DP18NO3) from 11.3 g 

(14.3 mmol) tri-octadecylphosphine and 2.5 g (17.2 mmol) iodotrideuteriomethane, 

and then 2.7 g (16.9) potassium ethyl xanthate, followed by addition of 1.2 mL (16.9 

mmol) conc. HNO3 to yield 5.8 g (47%) of a white solid: TK-SmA2 63.5 – 65.9 °C (lit. 

69.4 ºC20a for 1P18NO3), TSmA2-I 103.6 – 104.8 °C (lit. 107.8 °C20a for 1P18NO3). 1H 

NMR (CDCl3): δ 2.27 (m, 6H), 1.49-1.26 (m, 96H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 32.17 ppm. Anal. Calcd. for C55H111NO3PD3: C, 75.80; H+D, 13.53; N, 

1.61. Found: C, 75.90; H: 13.54; N, 1.81. 

Methyl-tri-tetradecylphosphonium hexafluorophosphate (1P14PF6) from 4.5 

g (6.26 mmol) 1P14Br and 1.2 g (7.50 mmol) potassium ethyl xanthate, followed by 

addition of 1.1 mL (7.46 mmol) conc. HPF6 and stirring in a plastic polyethylene 

container to yield 3.6 g (73%) of a white solid: TK-SmA2 55.2 – 57.0 °C, TSmA2-I 82.8 – 

84.4 °C. 1H NMR (CDCl3): δ 2.10 (m, 6H), 1.78 (d, 3H, 2JPCH3 =13.5 Hz), 1.48-1.26 

(m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.03 (s) and -143.66 (sept, 1JP-F = 

713.5 Hz) ppm. 19F NMR (CDCl3): δ -71.01 (d, 6F 1JP-F = 713.3 Hz) ppm. Anal. 

Calcd. for C43H90F6P2: C, 65.95; H, 11.58. Found: C, 66.07; H, 11.98. 

tri-Tetradecyl-(2-hydroxylethyl)phosphonium fluoride (2P14OHF) from 0.5 

g (0.67 mmol) 2P14OHBr and 0.13 g (0.81 mmol) potassium ethyl xanthate, 

followed by addition of 0.1 mL (2.76 mmol) conc. HF (Caution: Hydrofluoric acid 

is a highly corrosive material that can cause severe burns in contact with the skin.) 
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and stirring in a plastic polyethylene container to yield 0.34 g (74%) of a white solid: 

TK-I 24.1 – 25.6 °C. 1H NMR (CDCl3): δ 4.04 (dt, 2H, 2JPCH2CO = 20.7 Hz; 3JCH2CH2O 

= 5.7 Hz), 2.66 (m, 2H), 2.28 (m, 6H), 1.48-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P 

NMR (CDCl3): δ 33.86 ppm. 19F NMR (CDCl3): δ -128.23 ppm. Anal. Calcd. for 

C44H92FPO: C, 76.91; H, 13.49. Found: C, 77.00; H, 13.62. 

tri-Octadecyl-(2-hydroxylethyl)phosphonium fluoride (2P18OHF) from 0.4 g 

(0.44 mmol) 2P18OHBr and 0.09 g (0.56 mmol) potassium ethyl xanthate, followed 

by addition of 0.1 mL (2.76 mmol) conc. HF and stirring in a plastic polyethylene 

container to yield 0.19 g (51%) of a white solid: TK-I 63.2 – 65.1 °C. 1H NMR 

(CDCl3): δ 4.05 (dt, 2H), 2.57 (m, 2H), 2.29 (m, 6H), 1.49-1.25 (m, 96H), 0.88 (t, 

9H) ppm. 31P NMR (CDCl3): δ 33.87 ppm. 19F NMR (CDCl3): δ -128.19 ppm. Anal. 

Calcd. for C56H116FPO: C, 78.62; H, 13.67. Found: C, 78.72; H, 14.02. 

tri-Decyl-(2-hydroxylethyl)phosphonium nitrate (2P10OHNO3) from 3.31 g 

(5.72 mmol) 2P10OHBr and 1.10 g (6.88 mmol) potassium ethyl xanthate, and then 

0.5 mL (7.78 mmol) conc. HNO3 to yield 2.30 g (72%) of a deformable solid: TK-I 

31.3 – 33.2 °C. 1H NMR (CDCl3): δ 4.08 (dt, 2H, 2JPCH2CO = 20.7 Hz; 3JCH2CH2O = 

5.4 Hz), 2.55 (m, 2H), 2.23 (m, 6H), 1.51-1.27 (m, 48H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 33.99 ppm. Anal. Calcd. for C32H68NPO4: C, 68.41; H, 12.20; N, 2.49. 

Found: C, 68.51; H, 12.54; N, 2.64. 
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tri-Tetradecyl-(2-hydroxylethyl)phosphonium nitrate (2P14OHNO3) from 

1.0 g (1.34 mmol) 2P14OHBr and 0.26 g (1.63 mmol) potassium ethyl xanthate, and 

then 0.2 mL (3.11 mmol) conc. HNO3 to yield 0.77 g (79%) of a white solid: TK-I 

28.0 – 29.8 °C. 1H NMR (CDCl3): δ 4.05 (dt, 2H, 2JPCH2CO = 20.7 Hz; 3JCH2CH2O = 

6.0 Hz), 2.50 (m, 2H), 2.19 (m, 6H), 1.49-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 34.02 ppm. Anal. Calcd. for C44H92NPO4: C, 72.38; H, 12.70; N, 1.92. 

Found: C, 72.78; H, 12.50; N, 1.94. 

tri-Decyl-(2-hydroxylethyl)phosphonium chloride (2P10OHCl) from 0.50 g 

(0.86 mmol) 2P10OHBr and 0.17 g (1.06 mmol) potassium ethyl xanthate, and then 

0.1 mL (1.22 mmol) conc. hydrochloric acid to yield 0.28 g (61%) of a white solid at 

-77 ºC and a transparent deformable solid (after drying in a vacuum desiccator in the 

presence of P2O5) at room temperature: TK-SmA2 43.5 - 45.1 °C, TSmA2-I 73.4 – 75.0 °C. 

1H NMR (CDCl3): δ 6.26 (H), 4.10 (dt, 2H, 2JPCH2CO = 21.0 Hz; 3JCH2CH2O = 5.6 Hz), 

2.60 (m, 2H), 2.35 (m, 6H), 1.52 (m, 12H), 1.26 (m, 36H), 0.88 (t, 9H) ppm. 31P 

NMR (CDCl3): δ 34.07 ppm. IR: 3151 cm-1 (broad, O-H). Anal. Calcd. for 

C32H68ClPO: C, 71.80; H, 12.80. Found: C, 71.70; H, 12.50. 

tri-Tetradecyl-(2-hydroxylethyl)phosphonium chloride (2P14OHCl) from 

1.00 g (1.3 mmol) 2P14OHBr and 0.26 g (1.6 mmol) potassium ethyl xanthate, and 

then 0.20 mL (2.4 mmol) conc. HCl to yield 0.56 g (60%) of a white solid: TK-SmA2 

65.5 - 66.7 °C, TSmA2-I 97.8 - 98.8 °C. 1H NMR (CDCl3): δ 6.31 (H), 4.10 (dt, 2H, 
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2JPCH2CO = 21.0 Hz; 3JCH2CH2O = 5.6 Hz), 2.56 (m, 2H), 2.34 (m, 6H), 1.50 (m, 12H), 

1.26 (m, 60H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 34.13 ppm. IR: 3157 cm-1 

(broad, O-H). Anal. Calcd. for C44H92ClPO: C, 75.11; H, 13.18. Found: C, 75.05; H, 

13.48. 

tri-Octadecyl-(2-hydroxylethyl)phosphonium chloride (2P18OHCl) from 0.4 

g (0.4 mmol) 2P18OHBr and 0.09 g (0.56 mmol) potassium ethyl xanthate, and then 

0.10 mL (1.2 mmol) conc. HCl to yield 0.21 g (55%) of a white solid: TK-SmA2 83.3 - 

85.0 °C, TSmA2-I 92.5 - 93.4 °C. 1H NMR (CDCl3): δ 6.24 (H), 4.09 (dt, 2H, 2JPCH2CO 

= 21.2 Hz; 3JCH2CH2O = 5.6 Hz), 2.57 (m, 2H), 2.34 (m, 6H), 1.52 (m, 12H), 1.26 (m, 

84H), 0.88 (t, 9H) ppm. IR: 3144 cm-1 (broad, O-H). Anal. Calcd. for C56H116BrPO: 

C, 77.14; H, 13.41. Found: C, 77.29; H: 13.33. 

tri-Decyl-(2-hydroxylethyl)phosphonium tetrafluoroborate (2P10OHBF4) 

from 2.15 g (3.71 mmol) 2P10OHBr and 0.71 g (4.44 mmol) potassium ethyl 

xanthate, and then 0.8 mL (6.27 mmol) conc. HBF4 to yield 1.54 g (71%) of a liquid: 

TK-I 7.9 – 9.5 °C. 1H NMR (CDCl3): δ 4.05 (dt, 2H, 2JPCH2CO = 20.4 Hz; 3JCH2CH2O = 

5.4 Hz), 2.49 (m, 2H), 2.19 (m, 6H), 1.49-1.26 (m, 48H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 33.73 ppm. 19F NMR (CDCl3): δ -150.51 ppm. Anal. Calcd. for 

C32H68BF4PO: C, 65.51; H, 11.68. Found: C, 65.36; H, 11.92. 

tri-Tetradecyl-(2-hydroxylethyl)phosphonium tetrafluoroborate 

(2P14OHBF4) from 1.24 g (1.66 mmol) 2P14OHBr and 0.32 g (2.0 mmol) 
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potassium ethyl xanthate, and then 0.3 mL (2.35 mmol) conc. HBF4 to yield 0.91 g 

(73%) of a white solid: TK-SmA2 31.5 – 33.8 °C, TSmA2-I 61.9 – 63.7 °C. 1H NMR 

(CDCl3): δ 4.03 (dt, 2H, 2JPCH2CO = 20.4 Hz; 3JCH2CH2O = 5.9 Hz), 2.49 (m, 2H), 2.19 

(m, 6H), 1.49-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 33.73 ppm. 19F 

NMR (CDCl3): δ -150.42 ppm. Anal. Calcd. for C44H92BF4PO: C, 70.00; H, 12.28. 

Found: C, 70.07; H, 12.46. 

tri-Octadecyl-(2-hydroxylethyl)phosphonium tetrafluoroborate 

(2P18OHBF4) from 0.4 g (0.44 mmol) 2P18OHBr and 0.09 g (0.56 mmol) 

potassium ethyl xanthate, and then 0.15 mL (1.18 mmol) conc. HBF4 to yield 0.21 g 

(52%) of a white solid: TK-I 64.2 – 65.2 °C. 1H NMR (CDCl3): δ 4.05 (dt, 2H, 

2JPCH2CO = 19.8 Hz; 3JCH2CH2O = 5.6 Hz), 2.49 (m, 2H), 2.18 (m, 6H), 1.49-1.26 (m, 

96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 33.77 ppm. 19F NMR (CDCl3): δ -

150.93 ppm. Anal. Calcd. for C56H116BF4PO: C, 72.85; H, 12.66. Found: C, 73.09; 

H, 12.49. 

tri-Tetradecyl-(2-hydroxylethyl)phosphonium perchlorate (2P14OHClO4) 

from 1.25 g (1.67 mmol) 2P10OHBr and 0.33 g (2.06 mmol) potassium ethyl 

xanthate, and then 0.2 mL (2.75 mmol) conc. HClO4 to yield 0.83 g (65%) of a white 

solid: TK-I 43.5-45.3 °C. 1H NMR (CDCl3): δ 4.07 (dt, 2H, 2JPCH2CO = 20.1 Hz; 

3JCH2CH2O = 5.7 Hz), 2.53 (quint, 2H), 2.21 (m, 6H), 1.51 (m, 12H), 1.26 (m, 60H), 
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0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 33.75 ppm. Anal. Calcd. for C44H92ClPO5: C, 

68.85; H, 12.08. Found: C, 69.20; H, 12.27. 

tri-Octadecyl-(2-hydroxylethyl)phosphonium perchlorate (2P18OHClO4) 

from 0.4 g (0.44 mmol) 2P18OHBr and 0.09 g (0.56 mmol) potassium ethyl 

xanthate, and then 0.1 mL (0.92 mmol) conc. HClO4 to yield 0.21 g (51%) of a white 

solid: TK-I 59.5-61.2 °C. 1H NMR (CDCl3): δ 4.06 (dt, 2H, 2JPCH2CO = 20.4 Hz; 

3JCH2CH2O = 5.9 Hz), 2.53 (m, 2H), 2.21 (m, 6H), 1.48-1.26 (m, 96H), 0.88 (t, 9H) 

ppm. 31P NMR (CDCl3): δ 32.23 ppm. Anal. Calcd. for C56H116ClPO5: C, 71.86; H, 

12.49. Found: C, 71.66; H, 12.64. 

Carboxymethyl-tri-tetradecylphosphonium chloride (1P14CO2HCl) from 

0.60 g (0.79 mmol) 1P14CO2HBr and 0.15 g (0.94 mmol) potassium ethyl xanthate, 

and then 0.1 mL (1.20 mmol) conc. HCl to yield 0.33 g (58%) of a white solid: TK-I 

98.3 – 99.6 °C. 1H NMR (CDCl3): δ 4.09 (d, 2H, 2JPCH2CO = 13.2 Hz), 2.37 (m, 6H), 

1.57 -1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.59 ppm. IR: 1724 

cm-1 (strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. Calcd. for 

C44H90ClPO2: C, 73.64; H, 12.64. Found: C, 73.81; H, 12.91. 

Carboxymethyl-tri-octadecylphosphonium chloride (1P18CO2HCl) from 

0.42 g (0.45 mmol) 1P18CO2HBr and 0.09 g (0.56 mmol) potassium ethyl xanthate, 

and then 0.1 mL (1.20 mmol) conc. HCl to yield 0.19 g (47%) of a white solid: TK-I 

96.6 – 97.6 °C. 1H NMR (CDCl3): δ 4.09 (d, 2H, 2JPCH2CO = 13.2 Hz), 2.38 (m, 6H), 
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1.57 -1.25 (m, 96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.70 ppm. IR: 1723 

cm-1 (strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. Calcd. for 

C56H114ClPO2: C, 75.92; H, 12.97. Found: C, 75.59; H, 13.30. 

Carboxymethyl-tri-octadecylphosphonium perchlorate (1P18CO2HClO4) 

from 0.50 g (0.54 mmol) 1P18CO2HBr and 0.11 g (0.69 mmol) potassium ethyl 

xanthate, and then 0.1 mL (0.91 mmol) conc. HClO4 (Caution: Perchloric acid is a 

powerful oxidizing agent and should be handled carefully.) to yield 0.29 g (57%) of 

a white solid: TK-I 69.2 – 70.8 °C. 1H NMR (CDCl3): δ 4.08 (d, 2H, 2JPCH2CO = 13.5 

Hz), 2.36 (m, 6H), 1.56 -1.26 (m, 96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 

32.18 ppm. IR: 1724 cm-1 (strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. 

Calcd. for C56H114ClPO6: C, 70.81; H, 12.10. Found: C, 70.75; H, 12.44. 

Carboxymethyl-tri-tetradecylphosphonium hexafluorophosphate 

(1P14CO2HPF6) from 0.60 g (0.79 mmol) 1P14CO2HBr and 0.15 g (0.94 mmol) 

potassium ethyl xanthate, followed by addition of 0.2 mL (1.36 mmol) conc. HPF6 

and stirring in a plastic polyethylene container to yield 0.35 g (54%) of a white solid: 

TK-I 82.1 – 83.2 °C. 1H NMR (CDCl3): δ 4.09 (d, 2H, 2JPCH2CO = 13.5 Hz), 2.35 (m, 

6H), 1.56 -1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.06 (s) and -

143.66 (sept, 1JP-F = 713.0 Hz)ppm. 19F NMR (CDCl3): δ -71.15 (d, 6F, 1JP-F = 712.4 

Hz) ppm. IR: 1724 cm-1 (strong, C=O) and 2300-3300 cm-1 (strong, O-H). Anal. 

Calcd. for C44H90F6P2O2: C, 63.89; H, 10.97. Found: C, 63.98; H, 11.05. 
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tri-Decylmethylphosphonium bis(trifluoromethylsulfonyl) imide (1P10Tf2) 

from 1.2 g (2.18 mmol) 1P10Br and 0.75 g (2.61 mmol) lithium 

bis(trifluoromethylsulfonyl) imide  (LiTf2) to yield 1.32 g (81%) of a liuqid: TK-I -0.3 

– 0.8 °C. 1H NMR (CDCl3): δ 2.12 (m, 6H), 1.81 (d, 3H, 2JPCH3 =12.9 Hz), 1.48-1.27 

(m, 48H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.04 ppm. 19F NMR (CDCl3): δ -

78.02 ppm. Anal. Calcd. for C33H66NF6NS2PO4: C, 52.85; H, 8.87; N, 1.87. Found: 

C, 53.06; H, 9.25; N, 1.88. 

Methyl-tri-tetradecylphosphonium bis(trifluoromethylsulfonyl) imide 

(1P14Tf2) from 1.1 g (1.53 mmol) 1P14Br and 0.53 g (1.79 mmol) lithium 

bis(trifluoromethylsulfonyl) imide to yield 1.23 g (87%) of a white solid: TK-I 45.6 – 

46.8 °C. 1H NMR (CDCl3): δ 2.12 (m, 6H), 1.81 (d, 3H, 2JPCH3 =13.2 Hz), 1.47-1.26 

(m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.02 ppm. 19F NMR (CDCl3): δ -

78.03 ppm. Anal. Calcd. for C45H90NF6NS2PO4: C, 58.86; H, 9.88; N, 1.53. Found: 

C, 59.07; H, 10.21; N, 1.52. 

Methyl-tri-octadecylphosphonium bis(trifluoromethylsulfonyl) imide 

(1P18Tf2) from 0.8 g (0.90 mmol) 1P18Br and 0.31 g (1.08 mmol) lithium 

bis(trifluoromethylsulfonyl) imide to yield 0.87 g (89%) of a white solid: TK-I 66.1 – 

67.1 °C. 1H NMR (CDCl3): δ 2.12 (m, 6H), 1.79 (d, 3H, 2JPCH3 =13.2 Hz), 1.48-1.26 

(m, 96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 32.02 ppm. 19F NMR (CDCl3): δ -
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78.01 ppm. Anal. Calcd. for C57H114NF6NS2PO4: C, 63.00; H, 10.57; N, 1.29. Found: 

C, 63.20; H, 10.94; N, 1.31. 

tri-Tetradecyl-(2-hydroxylethyl)phosphonium bis(trifluoromethylsulfonyl) 

imide (2P14OHTf2) from 0.5 g (0.67 mmol) 2P14OHBr and 0.23 g (0.80 mmol) 

lithium bis(trifluoromethylsulfonyl) imide (See in section 2.2.3.1 for synthetic 

details.) to yield 0.45 g (71%) of a white solid: TK-I 30.7 – 31.8 °C. 1H NMR 

(CDCl3): δ 4.05 (dt, 2H, 2JPCH2CO = 20.1 Hz; 3JCH2CH2O = 5.4 Hz), 2.48 (m, 2H), 2.16 

(m, 6H), 1.52-1.26 (m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 33.89 ppm. 19 F 

NMR (CDCl3): δ -79.11 ppm. Anal. Calcd. for C46H92F6NS2PO5: C, 58.26; H, 9.78; 

N, 1.48. Found: C, 58.44; H, 10.18; N, 1.45. 

tri-Octadecyl-(2-hydroxylethyl)phosphonium bis(trifluoromethylsulfonyl) 

imide (2P18OHTf2) from 0.4 g (0.44 mmol) 2P18OHBr and 0.15 g (0.52 mmol) 

lithium bis(trifluoromethylsulfonyl) imide to yield 0.29 g (59%) of a white solid. TK-I 

56.5 – 57.4 °C. 1H NMR (CDCl3): δ 4.04 (dt, 2H, 2JPCH2CO = 21.0 Hz; 3JCH2CH2O = 

5.7 Hz), 2.46 (m, 2H), 2.16 (m, 6H), 1.48-1.26 (m, 96H), 0.88 (t, 9H) ppm. 31P NMR 

(CDCl3): δ 33.86 ppm. 19 F NMR (CDCl3): δ -78.95 ppm. C58H116F6NS2PO5: C, 

62.39; H, 10.47; N, 1.25. Found: C, 62.74; H, 10.83; N, 1.25. 

2.2.3.4 New phosphonium zwitterions and characterization data 

tri-Decyl-3-sulfopropylphosphonium betaine (3P10SO3) from 13.81 g (30.4 

mmol) tri-decylphosphine and 4.99 g (40.9 mmol) 1,3-propanesultone to yield 14.53 
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g (83%) of a white solid room temperature (See in section 2.2.3.1 for synthetic 

details.): TK-I 150.2 – 153.7 °C. 1H NMR (CDCl3): δ 2.91 (t, 2H, 3JCH2CH2S = 6.0 Hz), 

2.65 (m, 2H), 2.22 (m, 6H), 2.06 (m, 2H), 1.48-1.26 (m, 48H), 0.88 (t, 9H) ppm. 31P 

NMR (CDCl3): δ 33.83 ppm. Anal. Calcd. for C33H69PSO3: C, 68.70; H, 12.05. 

Found: C, 68.80; H, 12.12. 

tri-Tetradecyl-3-sulfopropylphosphonium betaine (3P14SO3) from 10.30 g 

(16.6 mmol) tri-tetradecylphosphine and 2.63 g (21.6 mmol) 1,3-propanesultone to 

yield 9.48 g (77%) of a white solid room temperature (See in section 2.2.3.1 for 

synthetic details.): TK-I 137.8 – 141.1 °C. 1H NMR (CDCl3): δ 2.94 (t, 2H, 3JCH2CH2S 

= 6.3 Hz), 2.69 (m, 2H), 2.20 (m, 6H), 2.07 (m, 2H), 1.48-1.26 (m, 72H), 0.88 (t, 

9H) ppm. 31P NMR (CDCl3): δ 33.82 ppm. Anal. Calcd. for C45H93PSO3: C, 72.52; 

H, 12.58. Found: C, 72.49; H, 12.79. 

tri-Octadecyl-3-sulfopropylphosphonium betaine (3P18SO3) from 21.49 g 

(27.2 mmol) tri-octadecylphosphine and 4.30 g (35.2 mmol) 1,3-propanesultone to 

yield 17.0 g (69%) of a white solid room temperature (See in section 2.2.3.1 for 

synthetic details.): TK-I 127.1 – 130.8 °C. 1H NMR (CDCl3): δ 2.94 (t, 2H, 3JCH2CH2S 

= 6.6 Hz), 2.69 (m, 2H), 2.19 (m, 6H), 2.07 (m, 2H), 1.50-1.26 (m, 96H), 0.88 (t, 

9H) ppm. 31P NMR (CDCl3): δ 33.82 ppm. Anal. Calcd. for C57H117PSO3: C, 74.94; 

H, 12.91. Found: C, 75.01; H, 13.25. 
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1-Carboxyethyl-tri-hexylphosphonium betaine (2P6CO2) from 20.10 g (70.3 

mmol) tri-hexylphosphine and 6.05 g (84.0 mmol) acrylic acid to afford 14.17 g 

(56%) of a white solid room temperature (See in section 2.2.3.1 for synthetic 

details.): TK-I 161.4 – 163.1 °C. 1H NMR (CDCl3): δ 2.57 (dt, 2H, 2JPCH2CH2CO = 21.6 

Hz, 3JCH2CH2CO = 6.6 Hz), 2.32 (m, 2H), 2.20 (m, 6H), 1.50-1.31 (m, 24H), 0.90 (t, 

9H) ppm. 31P NMR (CDCl3): δ 33.60 ppm. IR: 1593 cm-1 (strong, CO2¯). Anal. 

Calcd. for C21H43PO2: C, 70.35; H, 12.09. Found: C, 70.03; H, 12.46. 

1-Carboxyethyl-tri-decylphosphonium betaine (2P10CO2) from 20.81 g (45.8 

mmol) tri-decylphosphine and 3.96 g (55.0 mmol) acrylic acid to afford 14.42 g 

(60%) of a white solid room temperature (See in section 2.2.3.1 for synthetic 

details.): TK-I 146.7 – 148.4 °C. 1H NMR (CDCl3): 2.56 (dt, 2H, 2JPCH2CH2CO = 20.1 

Hz, 3JCH2CH2CO = 6.9 Hz); 2.33 (m, 2H); 2.21 (m, 6H); 1.49-1.26 (m, 48H); 0.88 (t, 

9H) ppm; 31P NMR (CDCl3): 33.46 ppm. IR: 1593 cm-1 (strong, CO2¯). Anal. Calcd. 

for C33H67PO2: C, 75.23; H, 12.82. Found: C, 74.91; H, 13.21. 

1-Carboxyethyl-tri-tetradecylphosphonium betaine (2P14CO2) from 7.20 g 

(11.6 mmol) tri-tetradecylphosphine and 1.00 g (13.9 mmol) acrylic acid to afford 

5.22 g (65%) of a white solid room temperature (See in section 2.2.3.1 for synthetic 

details.):  TK-I 130.3 – 132.4 °C. 1H NMR (CDCl3): 2.57 (dt, 2H, 2JPCH2CH2CO = 20.1 

Hz, 3JCH2CH2CO = 6.9 Hz); 2.32 (m, 2H); 2.23 (m, 6H); 1.49-1.26 (m, 72H); 0.88 (t, 
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9H) ppm; 31P NMR (CDCl3): 33.52 ppm. IR: 1593 cm-1 (strong, CO2¯). Anal. Calcd. 

for C45H91PO2: C, 77.75; H, 13.19. Found: C, 77.63; H, 13.50. 

1-Carboxyethyl-tri-octadecylphosphonium betaine (2P18CO2) from 10.36 g 

(13.1 mmol) tri-octadecylphosphine and 1.13 g (15.7 mmol) acrylic acid to afford 

7.29 g (64%) of a white solid room temperature (See in section 2.2.3.1 for synthetic 

details.): TK-I 118.3 – 120.2 °C. 1H NMR (CDCl3): 2.55 (dt, 2H, 2JPCH2CH2CO = 19.8 

Hz, 3JCH2CH2CO = 6.9 Hz); 2.34 (m, 2H); 2.21 (m, 6H); 1.47-1.26 (m, 96H); 0.88 (t, 

9H) ppm; 31P NMR (CDCl3): 33.60 ppm. IR: 1593 cm-1 (strong, CO2¯). Anal. Calcd. 

for C57H115PO2: C, 74.94; H, 12.91. Found: C, 75.01; H, 13.25. 

Carboxymethyl-tri-decylphosphonium betaine (1P10CO2). A solution of 

0.47 g (8.4 mmol) potassium hydroxide in 60 mL freshly dried (treated with sodium 

methoxide under reflux for 4-5 h and then distilled) methanol was slowly added 

dropwise to a stirred solution of 4.15 g (7.0 mmol) carboxymethyl-tri- 

decylphosphonium bromide (1P10CO2HBr) in 40 mL dry methanol which was 

immersed in an ice-salt bath (ca. -10 ºC). The solution was subsequently 

recrystallized (2×) at -77 °C to afford 3.25 g (91%) of a deformable white solid: Tdec 

8.1 – 9.8 ºC. 1H NMR (CDCl3) at -1 ºC: δ 3.07 (d, 2H, 2JPCH2CO = 10.5 Hz), 2.17 (m, 

6H), 1.48-1.26 (m, 48H), 0.87 (t, 9H) ppm. 31P NMR (CDCl3): δ 30.28 ppm. Anal. 

Calcd. for C32H65PO2: C, 74.95; H, 12.78. Found: C, 74.57; H, 13.08.  
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Carboxymethyl-tri-tetradecylphosphonium betaine (1P14CO2) was obtained 

by the same procedure as employed for 1P10CO2 but using 1.01 g (1.3 mmol) tri-

tetradecyl-carboxymethylphosphonium bromide (1P14CO2HBr) and 0.09 g (1.6 

mmol) potassium hydroxide to afford 0.61 g (68%) of white solid: Tdec 56.1 – 60.8 

ºC. 1H NMR (CDCl3): δ 3.08 (d, 2H, 2JPCH2CO = 10.5 Hz), 2.17 (m, 6H), 1.48-1.25 

(m, 72H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 28.68 ppm. IR: 1625 cm-1 (strong, 

CO2¯). Anal. Calcd. for C44H89PO2: C, 77.59; H, 13.17. Found: C, 77.27; H, 13.52. 

Carboxymethyl-tri-octadecylphosphonium betaine (1P18CO2) was obtained 

by the same procedure as employed for 1P10CO2 but using 1.33 g (1.4 mmol) tri-

octadecyl-carboxymethylphosphonium bromide (1P18CO2HBr) and 0.10 g (1.8 

mmol) potassium hydroxide to yield 0.72 g (59%) of white solid: Tdec 53.6 – 54.5 ºC. 

1H NMR (CDCl3): δ 3.08 (d, 2H, 2JPCH2CO = 10.8 Hz), 2.17 (m, 6H), 1.45-1.26 (m, 

96H), 0.88 (t, 9H) ppm. 31P NMR (CDCl3): δ 28.7 ppm. IR: 1625 cm-1 (strong, 

CO2¯). Anal. Calcd. for C56H113PO2: C, 79.18; H, 13.41. Found: C, 78.84; H, 13.74. 

2.3 Results and Discussions 

2.3.1 Thermogravimetric Analyses (TGA) and Infrared Spectroscopy (IR). 

Decarboxylation of 1PnCO2HBr commences near 130 ºC. In the temperature 

range of ca. 130–165 ºC, the TGA data show 7.4, 5.8, and 4.7% weight losses from 

1PnCO2HBr with n = 10, 14 and 18, respectively.  These are the expected weight 

losses for removal of carbon dioxide (Table 2-1), and decarboxylation of salts with a 
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β-carboxylate group is known36 (Figure 2-2). The IR spectra of the materials 

remaining after the 1PnCO2HBr were heated to 165 ºC and then cooled to room 

temperature lack the strong 1723 cm-1 peak from C=O stretching and the broad 

2300-3300 cm-1 peak from O-H stretching that were present in the unheated 

materials (Figure 2-3B).  
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Figure 2-2. Possible unimolecular (upper) and bimolecular (lower) mechanisms for 

decarboxylation of 1PnCO2HBr (R = an alkyl group). 
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Table 2-1. Weight loss by TGA from 1PnCO2HBr, 1PnCO2, 2PnCO2, 3PnSO3, 

1PnX, 1PnCONH2Br and 2PnOHBr over specific temperature ranges at a heating 

rate of 5 ºC/min. 

samples 
 

temperature range 
(ºC) 

 
weight loss 

(%) 
 

calculated wt% 
for loss of one 
CO2 molecule 

1P10CO2HBr  144 – 167 

362 - 409 
 

7.4 

92.1 
 

7.4 

– 

1P14CO2HBr  129 – 149 

361 – 409 
 

5.8 

93.4 
 

5.8 

– 

1P18CO2HBr  132 – 163 

362 – 409 
 

4.6 

94.6 
 

4.7 

– 

1P14CO2  56 – 68 

345 – 403 
 

3.8 

94.2 
 

6.5  

– 

1P18CO2  51 –54 

345 – 423 
 

2.9 

91.2 
 

5.2 

– 

2P6CO2  200 – 231  99.3  12.3  

2P10CO2  188 – 297  99.9  8.4 

2P14CO2  189 – 227 

332 – 378 
 

12.1 

86.4 
 

6.3 

– 

2P18CO2  198 – 253 

381 – 426 
 

7.6 

91.2 
 

5.1 

– 

3PnSO3  380 – 430  >96  – 

1PnCONH2Br  220 – 410  >96  – 

2PnOHBr  320 – 390  >97  – 

1PnBr  340 – 400  >98  – 
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The IR spectra of the corresponding (dehydrohalogenated) zwitterions, 1PnCO2, 

have a low frequency C=O stretch at 1625 cm-1 and no discernible O-H absorptions, 

as expected (Figure 2-3C). The thermal stabilities of the 1PnCO2 are low due to 

their propensity to lose CO2, as well (Table 2-1).36c,37 The weight loss observed from 

1PnCO2 (n = 14 or 18) at ca. 50-70 ºC is less than the calculated amount of weight 

percent of CO2. It implies that some decarboxylation occurred in the early heating 

stages.  This assumption is supported by the incomplete disappearance of the C=O 

stretching absorption at 1625 cm-1 in Figure 2-3D.  TGA data for 1P10CO2 is not 

available due to its lower decomposition temperature being lower than room 

temperature, the lowest temperature accessible instrumentally.  2PnCO2, where the 

carboxyl group is moved to the γ position from the P+ center (i.e., insertion of an 

additional methylene between the carboxy and P+ groups of 1PnCO2), are much 

more stable thermally; they suffer decarboxylation at ca. 185 ºC. Although 2P14CO2 

and 2P18CO2 show two regimes of weight loss upon being heated, a larger weight 

loss at the lower temperatures than expected on the basis of complete CO2 loss 

indicates that decomposition consists of more than decarboxylation. On the basis of 

TGA data and DSC thermograms (Section 2.3.4), the other phosphonium salts 

(bromides as examples in Table 2-1) and zwitterions investigated here are stable 

thermally to ≥ 200 ºC.  
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Figure 2-3. Room temperature IR spectra of (A) 1P14CO2HBr, (B) 1P14CO2HBr 

after being heated to 165 ºC for 5 min, (C) 1P14CO2 and (D) 1P14CO2 after being 

heated to 80 ºC for 5 min. 

2.3.2 Molecular packing structure analyses. 

2.3.2.1 Single-crystal X-ray structure analyses of 1P14CO2HBr and 

1P14CONH2Br.38 (See section 2.3.2.2.) 

Because some of the conformational and packing features of the solid and liquid-

crystalline phases may be shared, we attempted to grow single crystals for X-ray 

analyses of the salts investigated here.  Dr. Kwang-Ming Lee from our lab obtained 

suitable crystals of 1P14CO2HBr and 1P14CONH2Br from solutions of ethyl 

acetate and acetonitrile, respectively.39 Both phosphonium cations adopt an ‘h’-shape 

conformation at the molecular level and three gauche bends with two transoid bends 
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in between allow two of three n-tetradecyl chains to be paired in parallel at one side 

of the phosphorus ion for a ca. 7.2 Å space between them (Figures 2-4 and 2-5), as in 

phosphonium salts with four long n-alkyl chains19 and benzyltrioctadecylammonium 

bromide.21 The third, non-paired n-tetradecyl chain is projected in the opposite 

direction with an all-transoid conformation along the axis parallel to the paired 

chains. The shortest group attached to phosphorus is pointed in a direction nearly 

orthogonal to the approximate plane defined by three long n-tetradecyl chains. Some 

selected bond lengths and angles from the single crystal structures of 

1P14CONH2Br and 1P14CO2HBr are listed in Table 2-2. 

 
Figure 2-4. ORTEP drawing of the [H(CH2)14]3P+CH2CONH2 (A) and 

[H(CH2)14]3P+CH2CO2H (B) cations (50% thermal ellipsoids) in their crystalline 

phases. Except for the hydrogen atoms from the carboxamide and carboxyl groups, 

all others are omitted here for clarity. 
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Figure 2-5. Conformation of two paired long alkyl chains in parallel at one side of 

the phosphorous anion of crystalline 1P14CONH2Br.  

Table 2-2. Selected bond lengths and angles from the single crystal structures of 

[H(CH2)14]3P+CH2CONH2Br and [H(CH2)14]3P+CH2CO2HBr. Error limits are in 

parentheses.  

cation [H(CH2)14]3P+CH2CONH2 [H(CH2)14]3P+CH2CO2H 

bond length (Å) P(1)-C(101): 1.779(3) P(1)-C(101): 1.779(6) 

 P(1)-C(201): 1.792(4) P(1)-C(201): 1.794(6) 

 P(1)-C(301): 1.792(3) P(1)-C(301): 1.800(6) 

 P(1)-C(1): 1.808(4) P(1)-C(1): 1.798(6) 

 N(1)-C(2): 1.340(5) O(1)-C(2): 1.220(7) 

 O(1)-C(2): 1.174(5) O(2)-C(2): 1.307(8) 

 C(1)-C(2): 1.536(5) C(1)-C(2): 1.491(9) 

angle (°) C(101)-P(1)-C(1): 110.63(18) C(101)-P(1)-C(1): 113.4(3) 

 C(201)-P(1)-C(1): 110.20(18) C(201)-P(1)-C(1): 105.5(3) 

 C(301)-P(1)-C(1): 106.09(18) C(301)-P(1)-C(1): 109.6(3) 

 C(101)-P(1)-C(201): 112.77(18) C(101)-P(1)-C(201): 107.5(3) 
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 C(101)-P(1)-C(301): 108.14(17) C(101)-P(1)-C(301): 112.5(3) 

 C(201)-P(1)-C(301): 108.74(16) C(201)-P(1)-C(301): 108.0(3) 

 P(1)-C(101)-C(102): 118.9(3) P(1)-C(101)-C(102): 119.2(5) 

 P(1)-C(201)-C(202): 113.6(3) P(1)-C(201)-C(202): 114.0(4) 

 P(1)-C(301)-C(302): 115.3(2) P(1)-C(301)-C(302): 114.0(5) 

 P(1)-C(1)-C(2): 114.1(3) P(1)-C(1)-C(2): 115.9(5) 

 O(1)-C(2)-N(1): 124.1(4) O(1)-C(2)-O(2): 123.4(8) 

 O(1)-C(2)-C(1): 123.2(4) O(1)-C(2)-C(1): 125.7(8) 

 N(1)-C(2)-C(1): 112.7(4) O(2)-C(2)-C(1): 110.8(7) 

 

The molecules are arrayed in parallel but with their long molecular axes 

alternating in opposite orientations for a monoclinic bilayer crystal structure (Table 

2-3) in which the phosphorus cations and bromide anions occupy alternating 

locations within a plane (Figure 2-6A). The orientations between two adjacent ionic 

layerings along the b axis are also reversed. The long alkyl chains are completely 

interdigitated between molecular bilayers, and the long molecular axis is 

perpendicular to the ionic plane. Two molecules define the thickness of this 

bilayered lamellar structure, which is the length of the a-axis in a unit cell, 21.6 Å 

and 22.0 Å, respectively, for 1P14CONH2Br and 1P14CO2HBr. These two 

functionalized phosphonium bromides display a totally different packing 

arrangement from the salts with four long n-alkyl chains for a non-interdigitated 

lamellar structure19 and benzyl-tri-octadecylammonium bromide for an alternating 

interdigitated and non-interdigitated lamellar structure.21  
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Table 2-3. Crystal data for 1P14CONH2Br and 1P14CO2HBr. 

compound 1P14CONH2Br 1P14CO2HBr 

Chemical formula C44H91BrNOP C44H90BrO2P 

Formula weight 761.06 762.04 

Temperature/ºC -100(2) -100(2) 

Crystal size (mm) 0.60×0.50×0.14 0.65×0.45×0.10 

Crystal system Monoclinic Monoclinic 

Space group P2(1)/c P2(1)/c 

Space group number 14 14 

a (Å) 21.568(3) 22.004(12) 

b (Å) 14.199(2) 14.111(8) 

c (Å) 15.455(2) 15.110(8) 

α (°) 90 90 

β (°) 96.566(3) 100.015(10) 

γ (°) 90 90 

V (Å3) 4701.9(13) 4620(4) 

Z 4 4 

F(000) 1680 1680 

Reflections collected 50811 21607 

Independent reflections 11371 8941 

Ra 0.0414 0.0458 

Rw
b 0.0825 0.0732 

Variables 433 433 
aR = Σ||Fo| - |Fc||/Σ|Fo|; bRw(Fo)2= [Σw(Fo2 - Fc

2)2/ΣwFo
4]1/2 
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Figure 2-6. (A) Bilayer stacking structure of 1P14CONH2Br as viewed along b 

axis, and the perspective view along the a axis of (B) 1P14CONH2Br and (C) 

1P14CO2HBr showing the two-dimensional hydrogen-bonding network formed by 

intra- and intermolecular N–H···Br, O–H···Br, C–H···Br and C–H···O hydrogen 

bonds. 
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The bromide ions are pushed forward in the extended position of the short head 

group by its H-bonding with the hydrogen of the carboxyamide or carboxyl group, 

and the Br¯ anion of 1P14CONH2Br is further away from the P+ ion (6.98 Å) than 

that of 1P14CO2HBr (6.70 Å); the carboxyamide group occupies a larger cross-

sectional area allocated to each 1P14CONH2Br molecule as projected onto an ionic 

layer plane than the carboxyl group does in 1P14CONH2Br. A slightly longer 

distance between P+ and Br¯ (and, perhaps, weaker electrostatic interactions) from 

two adjacent oppositely-oriented 1P14CONH2Br molecules (4.04 Å) than that from 

the 1P14CO2HBr molecules (4.02 Å) is found along the ionic layering b axis. The 

length of the b-axis along the ionic layering is slightly longer in 1P14CONH2Br 

(14.2 Å) than in 1P14CO2HBr (14.1 Å). As a result and consistent with the shorter 

spacing between the outmost hydrogen of the non-paired alkyl chain and the P+ ion 

from the adjacent layer along the a axis of 1P14CONH2Br (3.20 Å) than of 

1P14CO2HBr (3.63 Å), there is slightly more interdigitation of long chains between 

bilayers of 1P14CONH2Br than between those of 1P14CO2HBr. A network of 

hydrogen-bonding interactions summarized in Table 2-4 is suggested by interatomic 

distances between the center of the bromide anion or the carbonyl oxygen atom and 

several hydrogens from neighboring molecules that are much shorter than the sum of 

the van der Waals radii of hydrogen and bromide (3.16 Å) or hydrogen and oxygen 

(2.72 Å)40 (Figures 2-6B and 2-6C). 
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Table 2-4. Distances (Å), types, and positions of H-bonding interactions in the 

crystal structures of 1P14CONH2Br and 1P14CO2HBr. 

H-bonding type two adjacent molecules 1P14CONH2Br 1P14CO2HBr 

intramolecular  Br···H2(N1): 2.76 Br···H(O2): 2.13 

Br···H1(N1): 2.61 Br···H1(C1): 2.67 molecules in two adjacent 
ionic layers along the c axis Br···H1(C1): 2.67 Br···H2(C101): 2.93 

Br···H2(C201): 2.86 Br···H1(C301): 2.73 

Br···H2(C301): 2.86 O1···H2(C202): 2.53 

intermolecular 

Molecules in the same ionic 
layer along the b axis 

O···H2(C101): 2.50  

 

2.3.2.2 Proposed molecular packing arrangements for 1PnX salts. 

Attempts to grow single-crystals of the 1PnX salts which are suitable for X-ray 

analyses were not successful (Table 2-5). Our previously proposed molecular 

structure for the 1PnX salts (Figure 2-7), which is based on the single crystal 

structure of salts with four equivalent long n-alkyl chains, is different from that of 

the functionalized 1PnYX salts here, but both packing arrangements adopt a similar 

bilayer stacking structures in which three long alkyl chains are more or less 

interdigitated. The peaks from powder X-ray diffractograms of the 1P10X salts (n 

=10, 14; X = Cl, Br) could be indexed to monoclinic crystal systems and, probably, 

in the P2(1)/c space group as well. The degree to which the packing arrangements of 

the 1PnX and the mPnYX salts differ, especially in their liquid-crystalline phases, is 

unknown because the powder data do not provide sufficient details.  However, the 
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generally greater degree of interdigitation between bilayers in the crystal phase for 

the functionalized 1PnYX salts may be a consequence of the intermolecular 

hydrogen bonding interactions involving the carboxyamide and carboxyl groups.  

Table 2-5. Attempts to obtain single crystals of 1PnX (X=Cl or Br, n=14 or 18) 

suitable for X-ray analyses.  All experiments were performed at room temperature.  

salt 
approx. 
conc. 

(mg/mL) 
solvent(s) (volume ratio) methoda result 

1P14X 3 CH3CO2C2H5 A solid powders 

 4 CH3CN A solid powders 

 10 CH3CO2C2H5 B solid powders 

 15 CH3CN B solid powders 

 6 CH3CO2C2H5 : CH3Cl (8:2 or 6:4) A solid powders 

 6 CH3CO2C2H5 : CH2Cl2 (4:6) A solid powders 

 6 CH3CN : CH3Cl (7:3 or 3:7) A solid powders 

 3 CH3CO2C2H5 (I) : hexanes (II) (1:1) C solid powders 

 4 CH3CN (I) : hexanes (II) (1:1) C solid powders 

1P18X 5 CH3CO2C2H5 : CH3Cl (6:4) A solid powders 

 5 CH3CN : CH3Cl (5:5) A solid powders 

a Method A-slow solvent evaporation through a capillary hole in the cap of a vial; 

Method B-no solvent evaporation; in a sealed vial (supersaturated at room 

temperature); Method C-an open small vial (I) containing one solvent with the 

dissolved phosphonium salt was placed inside a large, sealed vial (II) containing the 

other solvent; the two solvents were separated physically but vapors from one 

entered slowly the other.  
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Figure 2-7. Representation of a 2-dimensional slice of the proposed packing 

arrangement for the mPnX in their layered solid and LC phases (R = an H(CH2)m- 

group where m << n). 

Two alternative packing arrangements, both with molecules in which the 

parallel, long molecular axes are orthogonal to the layer planes, are shown in Figure 

2-8.20a Although we favor the packing structure in Figure 2-7 based on our structural 

analyses of solid structures of a series of related ammonium and phosphonium 

salts19,20,21 and considerations related to maximization of electrostatic interactions, 

alternatives such as those shown in Figure 2-8 cannot be discounted at this time, 

especially considering the very large heats of the K1→SmA2 transitions for the n = 

14 and 18 salts (Section 2.3.4) which suggest that significant packing changes may 

attend passage to the smectic phase.  Regardless, all possible lamellar structures 

consist of ionic interfaces separating layers of alkyl chains. 
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Figure 2-8. Cartoon representation of two alternative lamellar packing 

arrangements: bilayer (left) and monolayer (right) for the mPnX salts (R = an 

H(CH2)m- group where m << n). 

2.3.2.3 Influences of the functional groups on molecular packing structures. 

The single crystal structures of 1P14CONH2Br and 1P14CO2HBr indicate that 

intramolecular X¯···H(Y) H-bonding interactions of mPnYX salts are more 

important than P+-X¯ ionic interactions; the ionic layers of these salts consist of 

alternating weak intramolecular X¯···H(Y) and strong intermolecular P+-X¯ ionic 

interactions. Extrapolating from the single crystal structure of 4-methyl-4-p-

nitrobenzyl-4phosphoniatetracyclo[3.3.0.02,8.03,6]octane bromide,41 the small α-

methyl groups of 1PnX salts should allow relatively strong intramolecular P+-X¯ 

ionic interactions as well as weak X¯···H(α-CH3) H-bonding interactions, and those 

interactions result in better-defined lamellar packing structures than in the 

corresponding mPnYX salts.  
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2.3.3 Optical textures and phase transition temperatures from polarized optical 

microscopy (POM). 

2.3.3.1 Optical textures. 

  

 
Figure 2-9. Polarized optical micrographs (POMs) of oily streak patterns from 

liquid-crystalline (A) 1P14CO2HBr at 82.0 ºC, (B) 2P14OHBF4 at 49.6 ºC and (C) 

2P10OHCl at 58.2 ºC after being sheared between their cover glasses. 

When cooled from the isotropic phase, liquid-crystalline mPnYX samples 

showed no optical birefringence: they were homeotropically oriented and the 

molecular directors are orthogonal to the lamellar plane (as confirmed by X-ray 
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diffraction data (Section 2.3.5)). However, oily streak textures were induced for all 

mesomorphic mPnYX salts (including mesomorphic 1PnX salts20a, 20b) in the liquid-

crystalline phases by lateral shearing (Figure 2-9) or by melting the solid samples. 

Like the 1PnX salts,20a, 20b the mesomorphic mPnYX salts form interdigitated 

smectic A (SmA2) phases that are enantiotropic (i.e., they can be formed by melting 

the solids or by cooling the isotropic liquid phases). Melting temperatures (TM) from 

solid (K)→SmA2 transitions and clearing temperatures (TC) from either 

SmA2→isotropic (I) or K→I transitions were determined by optical microscopy by 

heating the samples (Figure 2-10). 
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Figure 2-10. Phase transition temperatures of phosphonium salts: (A) 

1PnCONH2Br, 1PnCO2HX and 2PnOHX, (B) 1PnX, and (C) zwitterionic 

1PnCO2, 2PnCO2 and 3PnSO3 by optical microscopy on heating. The temperatures 

shown for the 1PnCO2 are for decarboxylation and are obtained from DSC 

thermograms. The 1PnNO3 and 1P14I salts in (B) contain a trideutriomethyl group 

attached to phosphorus. Transition temperatures of 1PnClO4 and 1P18X (X=I, BF4 

or PF6) are from ref 20a. TC = TK→I or TSmA2→I; TLC = smectic temperature range; TM 

= TK→SmA2.  

2.3.3.2 Influences of the functional groups on TC.  

Substitution of an H-atom by a hydroxymethylene, carboxy, or amido functional 

group Y at the α-methyl group of a 1PnX increases the area each molecule projects 

onto its ionic layer plane (See their packing arrangements in Section 2.3.2), and, 

thus, decreases the overall electrostatic interactions among the alternating P+-X¯ 

ionic centers. On this basis, mPnYX molecules should have less compact lamellar 

structures than the corresponding 1PnX.  These factors allow the long alkyl chains 

and the ionic layering within lamellae to be more easily disturbed and clearing 

transition temperatures to be lowered (Figure 2-10). Consistent with this explanation, 

within a series of mPnYX in which only Y is changed, the clearing temperatures 

increase as the size of Y decreases: amido > carboxy > hydroxymethylene.  
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2.3.3.3 Influences of the size of anions on TC. 

The clearing temperatures are affected by the size of the anions as well.  Within 

a series of mPnYX in which only X is changed, TC  increases with increasing anionic 

radius up to X = Cl¯ (r- = 1.81 Å; r- = 1.33 Å (F¯) and 1.79 Å (NO3¯)42) and  

decreases upon further size increases (r- = 1.96 Å (Br¯), 2.20 Å (I¯), 2.32 Å (BF4¯), 

2.40 Å (ClO4¯), and 2.95 Å (PF6¯)42) (Figure 2-10). We conjecture that electrostatic 

interactions of the small sizes of the F¯ and NO3¯ anions with the P+ centers forces 

low polarity groups to fill some of the area/space within the ionic planes and, thus, 

the network of intermolecular electrostatic interactions is attenuated; the smallest 

area that each phosphonium cation must occupy in its lamellar plane is determined 

by the compactness of the packing of its alkyl chains.  That area can be no less than 

the sum of the van der Waals areas of the methylene groups on phosphorus. The 

larger anions can distribute themselves within the ionic layers without this constraint.  

When the total area of the molecules in which they reside exceeds the close-packing 

limit of the groups on phosphorus, the chains can adopt gauche bends to compensate.    

Based upon variations in TC and TLC in Figures 2-10A and 2-10B, the sensitivity 

of 1PnX salts to structural changes near their ionic planes, largely from the nature of 

the anions X, are smaller than for the mPnYX.  The sensitivity decreases also for 

one homologous series of 1PnX or mPnYX as n increases from 10 to 18 (i.e., as the 

long alkyl chains dominate more the energy of packing); the stronger London 
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dispersion interactions from longer alkyl chains lead to higher clearing and melting 

temperatures. In the other extreme, such as for 1P10Tf2, 1P10CONH2Br, and 

2P10OHBF4, where the head group is large, the anion X is large, and the alkyl 

chains n are the shortest examined here, room-temperature ionic liquids are 

encountered. 

2.3.3.4 Structural considerations on the formation of liquid crystallinity. 

Liquid crystals are favored among the mPnX salts with m = 1 (i.e., methyl as 

the fourth chain) when n = 14 or 18 and the anion X is large (Figure 2-10B). Liquid 

crystallinity and retention of lamellar packing are dependent on attractive energy 

contributions from electrostatic interactions to maintain the ionic layers and London 

dispersion forces that retard ‘melting’ of the alkyl chains n. However, if either of 

these energies is too strong or too weak with respect to the other, melting will occur 

directly to the isotropic phase. In that regard, the smaller anions appear to form more 

well-defined ionic layers which cannot be disturbed sufficiently to allow the long n-

alkyl chains to ‘melt’ into a mesophase. At the same time, the more facile ‘melting’ 

of the shorter n chains appears to allow disruption of the ionic layers without losing 

the lamellar order completely. The NO3¯ anion seems ‘abnormal’ here because it is 

‘loosely’ situated between the P+ ions in the ionic layers and fails to form as specific 

electrostatic interactions as discussed above (Section 2.3.3.3); thus, its ionic layers 

can adjust easily when the long n-alkyl chains melt.  
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The covalently-attached functional group Y in the mPnYX salts with a small 

anion (i.e., X = Cl or Br) is assumed to reduce somewhat the strength of the ionic 

interactions of the P+-X¯ centers to values lower than those experienced by the 

corresponding 1PnX salts.  However, this does not result in a greater propensity of 

mPnYX salts to form liquid-crystalline phases with lower onset temperatures and 

broader temperature ranges. We conclude that the added disruption to the ionic 

layers and increased area each molecule projects onto the ionic planes are not offset 

by the London dispersion forces that maintain the lamellar packing about TM.  

Shorter n chains (leading to lower TM) and smaller X anions are needed to observe 

liquid crystallinity in the mPnYX salts. 

None of the zwitterionic salts examined here, made by dehydrohalogenation of 

the mPnYX salts, exhibited liquid crystallinity. Instead, their clearing temperatures 

were higher than those of their precursor mPnYX salts. Also, the clearing 

temperature of 3PnSO3 is slightly higher than that of 2PnCO2 at the same n, but the 

Tc values decrease with increasing n (Figure 2-10C).  

2.3.4 Differential scanning calorimetry (DSC). 

The high thermal stabilities of the phosphonium salts and zwitterions (not 

containing a carboxyl group) are indicated by their DSC thermograms and the TGA 

heating profiles discussed above (Section 2.3.1). The differences between first and 

second heating thermograms, observed in some cases, result from the different 
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melting characteristics of solid morphs obtained by solvent crystallization and melt 

cooling (Table 2-6); the morphs have been investigated by X-ray diffraction (Section 

2.3.5.1). However, strong evidence for the thermal stability of these molecules at 

temperatures above where their isotropic phases appear (and confirmation of the 

conclusions reached from the POM data that the SmA2 phases of the mPnYX and 

1PnX are enantiotropic) was found in the reproducibility of thermograms from 

repeated heating and cooling cycles.  As expected, the heats of transition for the K-

SmA2 transitions are generally much smaller than the corresponding ones for the 

SmA2-I transitions: the K-SmA2 transitions involve primarily melting of the long 

alkyl chains (and some disruption to the ordering at the ionic interfaces); conversion 

to isotropic phases requires primarily loss of the remaining ionic interactions which 

maintain the layers. 

Table 2-6. Enthalpies (∆H), entropies (∆S), and onset transition temperatures (To) of 

K-K, K-SmA2 and SmA2-I phase transitions for salts from DSC thermograms.  

1st heating 1st cooling 2nd heating 
compound transition To 

(ºC) 
∆H 

(kJ/mol) 
To 

(ºC) 
∆H 

(kJ/mol)
To 

(ºC) 
∆H 

(kJ/mol) 
∆S 

(J/mol·K) 
1P10I K1-K2 40.4 1.0 42.5 1.2 38.9 1.1 3.5 
 K2-I 60.7 4.0 63.3 3.9 61.5 4.0 12.0 

1P10Tf2 K1-K2 -46.5 -27.9 – – -47.2 -27.7 – 

 K2-K3 -28.9 -8.8 – – -28.9 -8.5 – 

 K3-I -0.5 46.6 – – -0.2 47.0 – 

1P10CONH2Br K-I -14.3 2.2 -18.0 2.3 -14.3 2.2 8.8 
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1P10CO2HBr K-I 53.9 2.9 51.4 3.0 53.6 3.0 9.2 

2P10OHNO3 K-I 33.4 56.6 23.7 2.0 29.2 52.1 – 

2P10OHBF4 K1-K2 -27.6 -11.6 -39.7 9.7 -25.1 -9.9 – 

 K2-I 0.8 30.1 -22.7 0.8 0.3 29.6 – 

1DP14Ib K1-K2 37.6 47.1 21.4 30.0 25.8 30.5 102 

 K2- 62.7 3.0 62.5 2.9 62.4 3.0 8.9 

 SmA2-I 112.4 4.0 112.3 4.0 112.3 4.1 10.6 

1P14PF6 K- 55.1 55.8 33.9 56.0 47 54.1 176 

 SmA2-I 83.0 9.8 82.3 8.7 82.5 9.4 26.4 

1P14Tf2 K-I 46.2 85.1 37.9 82.7 45.8 82.1 262 

1P14CONH2Br K-I 57.2 98.9 42.4 4.3 43.4 4.2 13.5 

1P14CO2HCl K1-K2 64.4 62.7 36.6 33.3 59.5 30.6 99.5 

 K2-I 99.4 18.5 101.4 18.5 99.2 18.5 49.6 

1P14CO2HBr K- 68.7 92.0 57.1 41.5 69.9 41.5 123 

 SmA2-I 88.2 3.8 87.9 3.7 88.3 3.7 10.2 

1P14CO2HPF6 K1-K2 41.1 33.7 – – – – – 

 K2-K3 54.3 48.9 34.2 51.4 54.7 50.4 160 

 K3-I 83.6 9.2 81.9 9.3 83.3 9.1 25.9 

2P14OHF K-I 30.0 68.0 19.2 31.5 17.3 31.7 108 

2P14OHNO3 K1-K2 34.2 6.9 – – – – – 

 K2-I 38.0 77.4 17.5 46.7 28.0 47.4 159 

2P14OHBF4 K1- 39.2 85.0 21.9 38.8 29.6 48.6 145 

 SmA2-I 60.2 3.1 63.6 3.1 60.3 3.1 9.3 

2P14OHClO4 K1-K2 38.3 9.5 20.4 27.1 37.5 11.3 – 

 K2-I 45.2 82.4 16.7 52.4 42.6 73.6 – 

2P14OHTf2 K-I 29.9 47.8 5.9 56.6 28.1 56.7 195 

1P18Tf2 K-I 66.5 119 55.0 105 66.1 106 315 

1P18CONH2Br K1-K2 – – 47.3 45.3 – – – 

 K2-I 60.6 129 50.8 9.7 49.8 65.0 – 

1P18CO2HCl K1-K2 88.5 58.5 74.8 51.0 89.6 50.7 143 

 K2-I 97.8 22.7 97.9 22.4 97.8 22.4 60.4 
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1P18CO2HBr K1-K2 67.5 28.1 – – 67.3 27.5 – 

 K2-I 83.7 57.3 70.0 86.2 83.2 58.0 – 

1P18CO2HClO4 K-I 69.7 120 60.8 105 67.0 103 309 

2P18OHF K1-K2 50.2 8.3 40.0 8.6 49.0 8.0 26.1 

 K2-K3 57.5 1.5 48.2 16.2 52.7 2.9 – 

 K3-I 64.4 34.2 60.3 23.4 58.6 33.0 – 

2P18OHBF4 K1-K2 – – – – 49.6 45.1 – 

 K2-I 60.7 156 53.4 102 60.2 56.8 – 

2P18OHClO4 K1-K2 – – – – 50.4 67.1 – 

 K2-I 60.9 137 51.0 85.3 58.2 25.2 – 

2P18OHTf2 K-I 55.3 87.0 42.3 73.3 53.9 73.3 228 

2P6CO2 K-I 160.8 138 135.3 135 159.1 134 322 

2P10CO2 K-I 145.0 30.2 139.0 30.1 144.1 30.1 72.7 

2P14CO2 K1-K2 65.6 9.8 46.6 6.1 50.8 6.2 19.1 

 K2-I 131.4 28.6 127.1 26.4 129.8 26.7 66.2 

2P18CO2 K1-K2 – – 84.9 14.2 – – – 

 K2-K3 86.1 15.1 91.6 3.4 88.8 16.8 – 

 K3-I 119.7 28.6 116.2 24.5 119.2 24.3 62.6 

3P10SO3 K1-K2 45.2 84.9 – – – – – 

 K2-K3 80.5 141 – – – – – 

 K3-I 147.6 78.3 140.9 79.0 147.7 79.3 190 

3P14SO3 K1-K2 47.3 5.0 – – – – – 

 K2-K3 88.1 33.1 – – – – – 

 K3-I 132.8 13.8 136.0 13.4 134.4 12.8 32.1 

3P18SO3 K1-K2 – – 59.0 40.0 57.1 20.8 – 

 K2-K3 99.9 41.0 – – 101.3 29.6 – 

 K3-I 122.9 12.2 125.5 12.3 126.3 12.6 31.2 

a Averaged onset temperatures from endo- and exo-thermic peaks for the same 

transition from DSC thermograms of first cooling and second heating of the salts. b 

The 1DP14I salt contains a trideutriomethyl group attached to phosphorus. 
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The entropies (∆S = ∆H/To) of the thermodynamically reversible transitions, ∆S, 

were calculated using the averaged enthalpies (∆H) in the first cooling and second 

heating thermograms and the onset temperatures (To) calculated from the intersection 

of the peaks from these thermograms; the first cooling and second heating DSC 

thermograms for these phosphonium salts were reproducible in the subsequent 

cooling and heating cycles.  The first heating thermogram sometimes differed from 

the first, indicating that a different morph was obtained by crystallization than from 

melt solidification.  For each series of phosphonium salts, the magnitudes of the ∆S 

of the K-SmA2 transitions increase and those of the SmA2-I transitions decrease 

with increasing length of the long alkyl chains (n).  These trends are consistent with 

the large increase in entropy expected for chain melting (i.e., K→SmA2) and the 

lower inhibition to dissociation of ionic layers (i. e., SmA2→I) because the motions 

of the melted longer alkyl chains provide a greater momentum for disrupting 

layering. Consistent with our assertion that the groups covalently-attached to the 

methyl on phosphorus of the mPnYX reduce the ordering within the lamellae, the 

entropy changes during the K→SmA2 transitions (that include both a reduction of 

interdigitation between bilayers and an induction of liquid crystallinity; Sections 

2.3.5.2 and 2.3.5.3) of 2P14OHX (X = Br or BF4) and 1P14CO2HBr are smaller 

than the sum of those during the K1→K2 and K2→SmA2 transitions of the 1P14X 

(Tables 2-6 and 2-7).  However, the SmA2→I entropy changes are very similar for 
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the two sets of salts. Much more freedom of motion is gained when the mP14YX 

salts are melted. Similarly, the larger head groups of salts which have no mesophases 

result in smaller ∆S for K→I transitions of mPnYX salts than of 1PnX salts. 

Table 2-7. Enthalpies (∆H) and entropies (∆S) of the thermodynamically reversible 

K-K, K-SmA2 and SmA2-I phase transitions for the 1PnX salts (n = 10, 14, 18; X = 

NO3, Cl, Br, I, BF4, ClO4, PF6,). The 1DPnNO3 salts contain a trideutriomethyl 

group attached to phosphorus. 

2nd heating 
compound transition 

To (ºC) ∆H (kJ/mol) 
∆S (J/mol·K) 

1DP10NO3 K-SmA2 50.0 2.6 8.0 
 SmA2-I 80.8 3.6 20.1 
1P10Cl K-I 102.9 12.4 (10.5)b 33.0 
1P10Br K-I 97.7 9.4 (9.4)b 24.3 
1P10BF4 K-SmA2 22.8 1.9 (2.2) 6.4 (7.1) 
 SmA2-I 44.8 2.8 (2.9) 8.8 (9.3) 
1P10ClO4

a K-I 38.7 4.7 15.2 
1P10PF6 K-I 47.9 6.2 (7.1) 19.3 (22.3) 
1DP14NO3 K-SmA2 35.8 24.0 85.4 
 SmA2-I 101 3.8 10.2 
1P14Cl K1-K2 56.4 63.2 (44.2) 192 (127) 
 K2-I 106.0 40.9 (9.7) 108 (24.1) 
1P14Br K1-K2 50.3 78.8 (41.6) 243.6 
 K2-SmA2 102.6 19.5 (9.7) 51.9 (25.3) 
 SmA2-I 119.0 8.0 (3.9) 20.8 (10.1) 
1P14BF4 K1-K2 32.5 42.9 (35.1) 140 (107) 
 K2-SmA2 55.6 4.2 (3.8) 12.8 (11.5) 
 SmA2-I 98.8 3.6 (3.3) 9.7 (8.6) 
1P14ClO4

a K1-K2 47.6 57.0 186 
 K2-SmA2 57.6 3.6 11.4 
 SmA2-I 97.7 3.3 8.9 
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1DP18NO3 K-SmA2 59.9 69.6 209 
 SmA2-I 106.0 3.8 10.0 
1P18Cl K1-K2 85.7 112 312 
 K2-I 100.6 57.5 154 
1P18Br K1-K2 76.0 131 (62.0) 376 (184) 
 K2-SmA2 98.8 31.6 (12.1) 85.0 (32.7) 
 SmA2-I 105.8 6.7 (20.2) 17.7 (8.1) 
1P18Ia K-SmA2 – 60.6 – 
 SmA2-I 112.6 3.4 9.1 
1P18BF4

a K-SmA2 67.6 86.0 – 
 SmA2-I 104.5 3.3 9.0 
1P18ClO4

a K-SmA2 72.8 83.8 243 
 SmA2-I 105.3 3.0 8.3 
1P18PF6

a K-SmA2 – 92.0 – 
 SmA2-I 96 3.1 8.2 

 a Enthalpies  and entropies of these salts and other data in parentheses are from ref 

20a. b From ref 20b. 

As the length of long alkyl chains (n) increases, ∆S of the K→I transitions 

increases for the non-zwitterionic salts and decreases for the zwitterionic ones. In 

general, longer alkyl chains must suffer greater disturbance before they melt than 

shorter ones (as indicated by the melting temperatures of n-alkanes with an even 

number of carbon atoms43).  Thus, melting of the non-zwitterionic salts entails 

progressively larger entropy increases as the chain lengths increase.  The zwitterions, 

in which the cationic and anionic centers cannot diffuse from each other and are 

limited in their orientations with respect to each other, are able to retain specific 

intramolecular electrostatic interactions at higher temperatures than their mPnX or 
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mPnYX analogues.  Also, the crystalline phases may be more energetic intrinsically 

as a result of the restrictions imposed on packing near the head group by the covalent 

attachment of the cationic and anionic centers; powder X-ray diffraction 

measurements indicate less defined lamellar packing in the zwitterions (Sections 

2.5.3.2 and 2.3.5.4).  In either case, more disorder among the chains of the 

zwitterions is necessary for melting to occur, and the incremental decrease in melting 

temperatures is smaller than the incremental decrease in the enthalpy change as the 

chains become longer. 

2.3.5 Powder X-ray diffraction (PXRD). 

2.3.5.1 Bilayered lamellar structures. 

All of the salts reported here, except the 1PnCO2 zwitterions, show peak 

progressions in the PXRD diffractograms of their solid phases which are 

characteristic of lamellar structures; spacing ratios corresponding to 1, 1/2, 1/3 etc.44 

can be found, although some of the higher order reflections are absent in some of 

diffractograms (Figures 2-11, 2-12, and 2-14). The diffractograms demonstrate that 

different solid morphs for some of salts were obtained from solvent crystallization 

and melt solidification. However, all of the diffractograms of the liquid-crystalline 

phases exhibit one narrow low-angle peak (2θ < 5°) and one broad peak near 20° in 

2θ (corresponding to 4.4 Å in d). They correspond to the lamellar thickness and 

intralayer (i.e., interchain) distances, respectively.45   
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Figure 2-11. X-SEED simulations (from single crystal diffraction data at -100 ºC) of 

powder X-ray diffractograms and diffractograms from solvent-crystallized (from 

ethyl acetate), melt-solidified, and liquid-crystalline phases of (A) 1P14CO2HBr 

and (B) 1P14CONH2Br and melt-solidified 1P18CONH2Br. The single crystals of 

1P14CO2HBr and 1P14CONH2Br were obtained from ethyl acetate and 

acetonitrile, respectively. 
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Figure 2-12. Powder X-ray diffractograms of the crystallized (from ethyl acetate) 

and melt-solidified powders of (A) 2P10CO2, (B) 3P10SO3 (C) 2P6CO2, (D) 

2P14CO2, (E) 2P18CO2, (F) 3P14SO3 and (G) 3P18SO3 at 24 ºC. The lamellar 

thickness d (Å) is indicated by the lowest angle peak and higher order peaks are 

noted as 1/n in the peak progressions. The peak noted by 1 in D is the reference for a 

second, coexisting set of lamellar structures. 
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Figure 2-13. Room-temperature powder X-ray diffractograms of (A) 1P14CO2 and 

(B) 1P18CO2 crystallized from methanol. 

According to the 1P14CONH2Br and 1P14CO2HBr single crystal data, the 

distance between a phosphorus nucleus and the outermost hydrogen atom on a 

terminal carbon atom of a linearly-extended n-tetradecyl chain is 19.6 Å, and the 

length of four linearly extended methylene groups is 5.1 Å. From these values, 

extended chain lengths for n = 10 of 14.5 Å and n = 18 of 24.7 Å can be estimated. 
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However, the influences of temperature and differences in molecular structures (e.g., 

the nature of anions and the structure of the short chain) were not taken into account 

in these estimations. The lamellar thicknesses d within the liquid-crystalline phases 

are between one and two times these extended lengths (Table 2-8).  On this basis and 

given the fact that the molecular directors are orthogonal to the lamellar planes (from 

POM data in Section 2.3.3.1) the mesophases are assigned to be smectic A2 (SmA2). 

The X-SEED simulation from single-crystal data at -100 ºC and XRD patterns 

from solvent-crystallized powder at room temperature for 1P14CO2HBr are very 

similar, but there are notable differences (Figure 2-11A); similar differences were 

detected in the single-crystal derived and powder diffractograms of 1P14CONH2Br, 

also (Figure 2-11B). Because both the single-crystal and powder samples of 

1P14CO2HBr were obtained from solutions of ethyl acetate, the differences may 

indicate that a solid-solid phase transition occurs at an intermediate temperature. The 

differences between single-crystal and powder samples of 1P14CONH2Br may be 

related to their being obtained by crystallization from different solvents, acetonitrile 

and ethyl acetate, respectively. None was observed for both powder samples by DSC 

between 24 ºC and the lowest temperature accessible instrumentally, -85 ºC. Thus, 

we attribute the differences and slightly smaller lamellar thickness at room 

temperature to more interdigitation and gauche bending of long alkyl chains that 

become allowed as the solids are warmed and become less ordered.  



 

 

Table 2-8. Comparisons of lamellar spacings (d, ±0.1 Å) and extents of their chain interdigitations (ECI, %; see 

Section 2.3.5.3) from powder X-ray diffraction data for mPnYX and 1PnX salts, and zwitterionic salts in their 

SmA2 and (except as noted) melt-solidified (K) phases at different temperatures. 

compound 
T 

(°C) 
Phase 

d 

(Å) 

ECI 

(%) 
 compound 

T 

(°C) 
Phase 

d 

(Å) 

ECI 

(%) 

1P10NO3 24 K 20.7 36  1P10CO2HBr 24 K 20.9 35 
 63 SmA2 20.5 –  2P10OHNO3 24 K 19.8 42 

1P10Cl -4.5 K1 21.3 32  2P10OHCl 24 K 22.7 24 

 24 K2 23.4 21   67 SmA2 20.7 – 

1P10Br -9.5 K1 21.1 34  2P10OHBr 24 K 22.0 28 

 24 K2 22.1 28  57 SmA2 20.3 – 

1P10I 24 K 19.2 47  1P14CONH2Br -100 Ka 21.6 77 

1P10BF4 20 K 21.1 34   24 Kb 20.8 84 

 43 SmA2 18.8 –   24 K 29.2 31 

1P10PF6 24 K 20.0 41  1P14CO2HCl 24 K1 29.6 29 

1P14NO3 24 K 27.4 39   81 K2 31.3 22 

 75 SmA2 28.0 –  1P14CO2HBr -100 Ka 22.0 74 

1P14Cl 24 K1 28.3 35   24 Kb 20.1 90 

 90 K2 31.7 21   24 K 29.3 30 
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1P14Br 24 K1 28.1 36   82.5 SmA2 27.0 – 

 86.5 K2 29.7 29  1P14CO2HPF6 24 K1 21.1 81 

 106 SmA2 26.6 –   80 K2 26.9 42 

1P14I 24 K 27.8 37  2P14OHF 24 K 33.7 13 

 85 SmA2 26.0 –  2P14OHNO3 24 K 26.0 47 

1P14BF4 24 K 21.6 77  2P14OHCl 24 K 26.5 44 

 68 SmA2 25.5 –   82 SmA2 27.1 – 

1P14ClO4 22 K 21.2 80  2P14OHBr 24 K 25.6 49 

 75 SmA2 26.5 –   79.5 SmA2 26.5 – 

1P14PF6 24 K 20.7 85  2P14OHBF4 24 K 21.6 77 

 65 SmA2 25.2 –   50 SmA2 25.7 – 

1P14Tf2 24 K 22.7 68  2P14OHClO4 24 K 21.6 77 

1P18NO3 24 K 33.1 46  2P14OHTf2 24 K 22.3 71 
 89 SmA2 32.5 –  1P18CONH2Br 24 K 46.7 3 

1P18Cl 24 K1 35.5 36  1P18CO2HCl 24 K1 36.9 31 

 95 K2 39.8 21   92 K2 39.8 21 

1P18Br 24 K1 35.0 38  1P18CO2HBr 24 K1 36.4 32 

 86 K2 38.3 26   77.5 K2 36.5 32 

 100 SmA2 31.9 –  1P18CO2HClO4 24 K 27.1 79 

1P18I 48 K1 30.9 56  2P18OHF 24 K 48.0 0 

66
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 65 K2 32.0 51  2P18OHCl 24 K 32.8 47 

 90 SmA2 31.6 –  90.5 SmA2 31.0 – 

1P18BF4 70 K 29.6 63  2P18OHBr 24 K 34.9 38 

 90 SmA2 31.3 –  2P18OHBF4 24 K 28.7 68 

1P18ClO4 60 K 26.7 81  2P18OHClO4 24 K 27.2 77 

 90 SmA2 30.3 –  2P18OHTf2 24 K 26.9 79 

1P18PF6 60 K 26.2 84  2P6CO2 24 K 14.6 25 

 88 SmA2 28.7 –  2P10CO2 24 K 23.7 19 

1P18Tf2 24 K 27.6 75  2P14CO2 24 K 40.3/30.8c 24d  

3P18SO3
 24 K 34.0 –  2P18CO2 24 K 38.6 25 

 24 Kb 63.9 –  3P10SO3 24 K 38.6 – 

      3P14SO3
 24 K 52.0 – 

a Single crystal solid phase. b Solvent-crystallized solid phase. c The X-ray diffractogram of melt-solidified 

2P14CO2 contains two low-angle peaks (Figure 2-12D). d The calculated ECI is based on the diffraction 

corresponding to d= 30.8Å.  
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2.3.5.2 The dependence of lamellar thicknesses on temperatures. 

Because these phosphonium salts are lamellar in both their solid and SmA2 

phases, the dependence of the lamellar thickness d on temperature (and phase) has 

been investigated by PXRD (Figures 2-14, 2-15 and 2-16). Precipitous changes in d 

occur at temperatures that correlate well with the phase transition temperatures 

measured in DSC thermograms of the second heating of samples.  Within a solid 

phase, d is almost independent of temperature; several of them exhibit more than one 

solid phase (e.g., Figure 2-15A), and solid-solid transitions are accompanied by a 

detectable change of d. However, the lamellar thicknesses decrease with increasing 

temperature within a SmA2 phase as a result of the greater frequency of gauche 

bends (and less extended chains).  For similar reasons, the full-width-at-half-height 

of the low-angle peaks is larger in the SmA2 phases than in the solid phases. Even in 

the isotropic phase, some residual molecular ordering must be retained because a low 

angle peak, albeit weak and broad, is present at temperatures well above TC. The 

lamellar thickness is reduced upon addition of a covalently-attached functional group 

near ionic regions or replacement of a smaller anion with a larger one (Table 2-8), as 

expected, because both structural changes make the projection of the molecules on 

their layer planes larger. 
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Figure 2-14. Stack plots of X-ray diffractograms of melt-solidified (A) 2P10OHCl, 

(B) 2P14OHCl, (C) 2P18OHCl, (D) 2P10OHBr, (E) 2P14OHBr, (F) 1P14Br and 

(G) 1P14Br at various temperatures and in different phases. The spacing ratios 

(marked by arrows), assuming a lamellar structure, are indicated. 
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Figure 2-15. Heat flow from DSC thermograms (2nd heating; 5 ºC/min) (full lines) 

and lamellar spacings (d) by X-ray diffraction (ο) as a function of temperature for 

the salts which form liquid-crystalline phases: (A, B) 2PnOHX (X = Cl or Br), (C) 

1PnBr, (D) 1P14CO2HBr and (E) 2P14OHBF4. Lines between points are drawn as 

a visual aid and are not based on a physical model. LC = SmA2. 
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Figure 2-16. Heat flow from DSC thermograms (2nd heating; 5 ºC/min) (full lines) 

and lamellar spacings (d) from X-ray diffraction (ο) at different temperatures for 

some nonmesogenic 1PnCl and 1P10Br. 
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Table 2-9. The rates of change of lamellar spacings with temperature (∆d/∆T) in K 

and SmA2 phases. In some cases, the changes of ∆d/∆T are not very linear in K 

phases, but the absolute changes in d are very small.  

Phosphonium 

salts (n=10) Phase 
∆d/∆T 

(Å/ºC) 
R 

 Phosphonium 

salts (n=14) Phase 
∆d/∆T 

(Å/ºC) 
R 

1P10Cl K1 0.004 0.97  1P14Cl K1 0.014 0.92 

 K2 -0.003 0.92   K2 -0.011 -0.92 

2P10OHCl K -0.006 -0.99  2P14OHCl K -0.007 -0.96 

 SmA2 -0.019 -0.99   SmA2 -0.074 -0.99 

1P10Br K1 0.002 0.81  1P14Br K1 0.003 0.73 

 K2 0.001 0.55   K2 -0.014 -0.96 

2P10OHBr K -0.001 -0.75   SmA2 -0.075 -0.97 

 SmA2 -0.013 -0.87  2P14OHBr K -0.003 -0.87 

      SmA2 -0.044 -1.00 

Phosphonium 

salts (n=18) Phase 
∆d/∆T 

(Å/ºC) 
R 

 
    

1P18Cl K1 0.013 0.97  2P14OHBF4 SmA2 -0.036 -1.00 

 K2 -0.015 -0.67  1P14CO2HBr K -0.009 -0.85 

2P18OHCl K -0.003 -0.88   SmA2 -0.063 -1.00 

 SmA2 -0.15 -0.99      

1P18Br K1 0.006 0.97      

 K2 0.060 0.95      

 SmA2 -0.20 -0.99      

 

       The rate of decrease within liquid-crystalline phases, ∆d/∆T, ranges from -0.019 

to -0.20 Å/ºC for the phosphonium salts investigated here, depending upon n and X 
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(Table 2-9). As n and, thus, the number of degrees of freedom for chain motion 

increases, so does ∆d/∆T. Furthermore, chloride salts suffer larger ∆d/∆T than the 

corresponding bromide salts within the liquid-crystalline phases, and the rates for the 

1PnX are larger than for the corresponding mPnYX. A smaller size of X (or the 

head-group) is expected to result in a more tightly packed ionic layer and, thus, a 

more compact packing structure for the long alkyl chains (i.e., making them more 

extended with fewer gauche bends). 

2.3.5.3 Extent of chain interdigitation (ECI). 

The percent of extent of chain interdigitation (ECI) between ionic planes is 

defined here as the length of overlap of the non-paired, long n-alkyl chains of two 

antiparallel molecules between bilayers (eq 2-1), where dC is the extended length of a 

long n-alkyl chain (See data in Section 2.3.5.1) and d is the lamellar thickness from 

X-ray powder diffractograms (Table 2-8). No ECI values within the liquid-

crystalline phases were calculated because the long chains there are not ‘static’ or 

extended. 

%1002
×

−
=

d
ddECI C    (2-1) 

The slightly larger lamellar thicknesses of 1P14CONH2Br in both its solvent-

crystallized and melt-solidified solid phases than in the corresponding phases of 

1P14CO2HBr may be understood from the single-crystal structures.  The P+-X¯ and 
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H-bonding distances are longer in 1P14CONH2Br than in 1P14CO2HBr, 

suggesting weaker interactions of molecules within the ionic layers of the former. In 

addition, the d values of both salts indicate that the lamellae of their melt solidified 

morphs are less interdigitated than those of the solvent-crystallized morphs. The 

lamellae are maintained in all solid phases of these salts, and show a lower ECI in 

the higher temperature phase of the two solids detected. It appears that adjustments 

of chain interdigitation and, consequently, of conformations within ionic regions are 

primarily involved in the solid-solid transitions. Liquid-crystallinity is favored when 

the solid phases of salts with relatively low ECIs (e.g., 1P14CO2HBr in Figure 2-

15D) are heated or melting is accompanied by a significant reduction in the ECI 

(e.g., 2P14OHBF4 in Figure 2-15E).  

2.3.5.4 Proposed lamellar structures for zwitterions. 

The thermal instability of the 1PnCO2 zwitterions (Section 2.3.1) precluded their 

investigation in melt-solidified forms. The methanol-crystallized materials do not 

appear to pack in lamellae based upon their powder X-ray diffractograms (Figure 2-

13). The anionic center at the end of the 1-carboxymethyl chain probably leads to an 

alternative packing arrangement that maximizes ionic interactions at the expense of 

layering; the nature of that packing is not obvious from the information in hand.  The 

precursor 1PnCO2HBr salts do pack in layers as do the zwitterions that are 

homologous to the 1PnCO2, the 2PnCO2 with carboxyethyl chains (Figure 2-17A).  
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From single crystal structures, the molecular lengths of 1P14CONH2Br and 

1P14CO2HBr are 37.3 Å.  This value allows values for the homologous n= 10 and 

n= 18 salts, 27.1 and 47.5 Å, respectively, to be deduced (Section 2.3.5.1). The 

lamellar thicknesses of the 3PnSO3 zwitterions are between one and two times their 

extended molecular lengths. The lamellar packing structure of the 3PnSO3 

zwitterions, evidenced by X-ray diffractometry, suggests that cations and anions 

should be alternatively arranged within lamellae. 19,20a, 21 We hypothesize that their 3-

sulfopropyl chains are oriented somewhat within the ionic planes and, therefore, 

away from the long molecular director formed by three long n-alkyl chains. Based on 

these considerations, we propose that the 3PnSO3 zwitterions adopt a lamellar 

packing arrangement similar to that of the 2PnCO2, but with the shortest chains 

localized at or near ionic planes in some fashion (Figure 2-17B). The lamellar 

thickness of melt-solidified 3P18SO3, much smaller than that of the solvent-

crystallized solid, is between one and two times of the length of an extended n-

octadecyl chain. It suggests that the melt-solidified 3P18SO3 adopts a different 

bilayer packing structure, like that in Figure 2-17A, than the one obtained by solvent 

crystallization.  In this regard, note that the first and second heating DSC 

thermograms for this salt are very different (Figure 2-18).  

The lamellar packing structures of the solid phosphonium zwitterions 

investigated here have some of the attributes that appear necessary to melt into liquid 
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crystalline phases. However, the lack of freedom of motion afforded the covalently-

attached carboxylate or sulfonate anionic centers at the end of the short alkyl chains 

appears to inhibit liquid crystallinity by making more difficult the maintenance of the 

ionic planes after the long n-alkyl chains melt.  

dA

 

dB

 

Figure 2-17. Cartoon representation of the proposed bilayer lamellar packing 

arrangements for phosphonium zwitterions. The chains, especially the shortest chain 

with the covalent attachment of anions may not extend straightly in packing 

structures as shown here, and it is only for clarity to indicate an overall direction of 

the shortest chain. 
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Figure 2-18. DSC thermograms of ethyl acetate-crystallized 3P18SO3. 

2.4 Conclusions 

The molecular structures and phase properties of a large number of phosphonium 

salts with 3 long n-alkyl chains have been correlated to determine the factors leading 

to liquid crystalline phases.  Except for the 1PnCO2 zwitterions, the phosphonium 

salts and zwitterions investigated here appear to pack in bilayer lamellar structures 

with different degrees of interdigitation in their solid phases.  Empirically, some 

interdigitation appears to be necessary to maintain the long-range phase orientation 

which depends on a combination of the length of the three long n-alkyl chains, the 

structure of the short group attached to the positively charged phosphorus atom, and 

the nature of the anion, as well as other intra- and inter-molecular interactions.  
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Subtle changes in molecular structure can induce large changes in phase 

properties.  Thus, 1PnX salts with small anions do not form liquid-crystalline 

phases.  They have relatively well-defined packing structures because the small 

anion and methyl group on phosphorus allow strong intra- and inter-molecular P+-X¯ 

ionic interactions within ionic layers of the solid. The 1PnX with larger anions have 

more disturbed ionic layers. When their n-alkyl chains are longer, they are better 

able to maintain their layered structures upon melting. Alternatively, a 

hydroxymethylene, carboxy, or amido functional group Y, when attached to the α-

methyl of 1PnX salts (including in forms leading to zwitterions), weakens the 

intramolecular P+-X¯ ionic interactions within the ionic layers and increases the 

importance of relatively weak intramolecular X¯···H(Y) interactions.  However, the 

additional concurrent increase in disorder within the lamellae of these salts is found 

to frustrate melting into liquid crystalline phases.  

Another method to induce or augment liquid crystallinity in phosphonium salts 

has been reported recently (to be discussed in Chapter 3).27 In it, one or more 

equivalents of water or an alcohol is added to a 1PnX salt so that the effective head 

group area is increased.  That approach weakens P+-X¯ ionic interactions via 

solvation of the P+ and X- components of the 1PnX salts.   

All of the liquid-crystalline phases formed here are assigned to be smectic A2, 

and the degree of their chain interdigitation is no higher than that in their solid 
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phases.  For different salts with the same length for their 3 long n-alkyl chains, both 

the lamellar thicknesses and clearing temperatures of the phosphonium salts decrease 

with increasing size of the anions or short chain on phosphorus. Also, the clearing 

temperatures decrease in salts but increase in zwitterions as the lengths of the long 

n-alkyl chains increase. Thus, it is possible to use these criteria to design (or select 

from among the existing materials reported here) a phosphonium salt whose liquid-

crystalline temperature range and structural properties match an application need. 
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Chapter 3 

Low-Ordered Amphotropic-Lyotropic Ionic Liquid Crystal Phases 

Induced by Alcohols in Phosphonium Halides and Amphotropic 

Structure Optimization for Solute Structure Studies by NMR 

Spectroscopy 

3.1 Introduction 

Typically, lyotropic liquid crystals consist of amphiphilic molecules in a very 

large volume excess of a low-molecular-mass isotropic liquid (frequently water).46 

When the mixtures contain large amounts of an amphiphile, lamellar phases can be 

formed.46 Since the first report of ILs in 1888,47 the number of examples has grown 

astronomically.  However, very few ILs have been found to be amphotropic with 

organic liquids.48  

We report here the properties of the smectic A2 phases of mixtures of a 

phosphonium halide, [H(CH2)n]3P+CH3 X¯ (1PnX, X= Cl or Br) (only 1P14Br and 

1P18Br exhibit a narrow range thermotropic phase (Figure 2-15C), and others do not 

form a liquid-crystalline phase when neat (Figure 2-16).), and a small amount of an 

alcohol or water (Figure 3-1); the compositions investigated are rich in salt and poor 

in alcohol or water. The structures and concentrations of the hydroxyl-containing 

adduct have been correlated with the temperature ranges and transition temperatures 
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of the phases. The structural characteristics of the phases themselves have been 

determined at the microscopic and macroscopic levels using a variety of 

spectroscopic, diffraction, and thermochemical techniques. 
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Figure 3-1. Representation of a 2-dimensional slice of the proposed packing 

arrangement for the layered solid and LC (smectic A2) phases of 1P10X•ROH (R is 

H or an alkyl group and X¯= Cl¯ or Br¯). The long alkyl chains between two bilayers 

may be somewhat interdigitated.  The acronym 1PnX•ROH indicates that one molar 

equivalent of ROH has been added to the 1PnX salt. Addition of other molar 

equivalents, i, is noted by 1PnX•iROH. 

One potential application for the ionic liquid crystals reported here is as hosts of 

small molecules whose molecular geometry and orientation can then be studied by 

NMR spectroscopy.29 In that regard, we find that the overall order parameters of the 

SmA2 phases and the alcohol molecules within them are very low. Especially when 
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the number of nuclei in a guest molecule is large, the large number of lines from 

residual dipolar couplings require that media with very low order parameters be used 

to obtain simple NMR spectra and, thereby, to be able to perform the necessary 

spectral analyses.49 Aqueous-based lyotropic liquid crystals (N.B. ‘bicellar’ media) 

and compressed hydrogels50 have been exploited for this purpose to a much greater 

extent than ordered media with organic liquids because the order parameters of the 

organic-based systems are usually too high to yield simple spectra of solutes.51,52,53 

With the development of weak alignment techniques for three-dimensional structure 

determination of molecules by NMR spectroscopy,29,49-53 it has became increasingly 

important to find weakly aligning media for molecules soluble in organic solvents.  

Most of the applications to date have concentrated on the structures of biomolecules, 

and most of the weakly aligning systems currently in use are aqueous.54 This 

charpter includes our efforts to develop nonaqueous, nonpolymeric media with low 

order parameters for the purpose of 3-dimensional structural analyses of organic 

solute molecules. 

3.2 Experimental Section 

3.2.1 Instrumentation. 

1H NMR spectra of molecules in CDCl3 solutions were measured with a Varian 

Unity Inova 300 MHz spectrometer and referenced to an internal tetramethylsilane 

(TMS) standard. DMSO-d6 in a sealed capillary was inserted in the NMR tube 



84 

containing samples of neat or hydrated phosphonium halides as an external lock 

signal. Thirty-two free induction decays (FIDs) were accumulated. 2H NMR spectra 

were recorded by the standard 1D method at various temperatures on a Bruker 

AVANCE 400 spectrometer operating at 61.4 MHz (with the groups of Dr. C. L. 

Khetrapal and Dr. YuYe Tong) or a Varian Unity Inova 500 spectrometer at 76.7 

MHz (by Dr. Astghik A. Shahkhatuni). A relaxation delay of 1 s and 32 K data 

points were used. Depending on the concentration of deuterated alcohols in a sample, 

256-1024 FIDs were accumulated and a spectral width of 30-60 kHz was used. 

Samples of the 1P10X salts with varying concentrations of a deuterated alcohol for 

the 2H NMR studies were prepared in 5-mm NMR tubes under a nitrogen 

atmosphere, and the tubes were flame-sealed immediately. 

Polarized optical micrography (POM), X-ray diffractometry (XRD), thermal 

gravimeter analyses (TGA) and differential scanning calorimetry (DSC) were 

conducted using the same instruments as described in Section 2.2.1. POM was also 

used to perform subambient measurements of the samples containing both a 

phosphonium salt and an organic liquid. In a dry-box, a small amount of sample was 

placed in the center of a cover glass and another was placed gently on top; the edges 

around the cover slip sandwich were then wrapped with a narrow strip of Teflon film 

and ‘super glue’ was brushed over the edges of the Teflon film to seal the samples 

and avoid alcohol loss via evaporation or hydration on the heating stage of the 
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microscope.  In this way, transition temperatures could be reproduced in at least 

three consecutive heating and cooling cycles. Selected subambient temperatures 

were maintained by altering the flow of dry nitrogen gas (which had passed through 

a 2 m long copper coil that was immersed in liquid nitrogen) through the hollow 

block of the stage. To avoid moisture condensation on the cooling stage and optics, 

the microscope was enclosed in a plastic container through which a positive pressure 

of dry nitrogen gas was slowly passed.  

3.2.2 Materials. 

tri-Alkylmethylphosphonium salts (1PnX with X¯= Cl¯, Br¯, I¯, NO3¯, BF4¯, PF6¯ 

or (CF3SO2)2N¯ and n= 10, 14 or 18) were synthesized as shown in Sections 2.2.3.2 

and 2.2.3.3. Methanol-d4 (99.8 atom % D), CH3OD and CD3OH (99 atom % D), 

ethanol-d6 (99.8 atom %), acetonitrile-d3 (99.8 atom % D), chloroform-d (99.8 atom 

% D), dimethyl sulfoxide-d6 (99.9 atom % D), and 2-13C enriched acetonitrile (99 

atom % 13C) were obtained from Cambridge Isotope Laboratories, Inc. Undeuterated 

alcohols (≥99%), propionic anhydride (99%), butyric anhydride (99%, Aldrich), 

lithium aluminum deuteride (95%), N-(4-ethoxybenzylidene)-4’-n-butylaniline 

(EBBA, 98%), and cetyltrimethylammonium bromide (CTAB, ≥98%) were 

purchased from Sigma-Aldrich Chemical Co. and were used as received. 
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3.2.3 Sample preparations. 

Aliquots of the hygroscopic 1P10X salts with different weight percents (wt %) of 

water or alcohols were prepared in a dry-box under a nitrogen atmosphere and then 

immediately flame-sealed in glass tubes. The tubes were immersed in a hot-water 

bath at temperatures corresponding to the isotropic phases for at least 5 h (to ensure 

homogeneity), allowed to cool slowly to room temperature with the water in the 

bath, and kept for at least 2 days at room temperature. The tubes were opened in a 

dry-box and aliquots were removed for different experiments, as needed. 

3.2.4 Syntheses. 

1,1-Dideuteriopropan-1-ol. A suspension of 1.0 g (24 mmol) of lithium 

aluminum deuteride in 80 mL of freshly dried (over metallic sodium for 6 h and then 

distilled) diethyl ether was stirred in a flask under a nitrogen atmosphere and cooled 

in an ice-bath. A solution of propionic anhydride (1.8 g, 13.8 mmol) in 30 mL dry 

diethyl ether was added dropwise over about 30 min. Then, the stirred reaction 

mixture was refluxed for 3 h and cooled in an ice-bath. A saturated aqueous sodium 

sulfate solution (25 mL) was added dropwise and slowly. (Caution: This step is 

exothermic and can lead to a fire if not performed properly) The granular insoluble 

salts were removed by suction filtration through a Büchner funnel and were washed 

thoroughly with diethyl ether. The combined filtrates were dried (magnesium 

sulfate), filtered, and distilled through a helix-packed fractionating column (9 mm × 
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10 cm) to remove the bulk of the diethyl ether (bp 34-35 ºC).  The residual material 

was transferred to a 5 mL distillation flask and distilled slowly to give 0.95 g (54%) 

of 1,1-dideuteriopropan-1-ol (bp 96-98 ºC (lit. 98-99 ºC55); > 99% atom % D by 

proton NMR integration). 1H NMR (CDCl3): δH 0.93 (3H, t; 3JCH3CH2 = 7.5 Hz), 1.57 

(2H, quartet; 3J CH2CH3 = 7.5 Hz).  

1,1-Dideuteriobutan-1-ol. The synthetic procedures were the same as for the 

preparation of 1,1-dideuteriopropan-1-ol: 1.88 g (11.9 mmol) butyric anhydride were 

reacted with 1.0 g (24 mmol) lithium aluminum deuteride in 100 mL fresh-dried 

diethyl ether to afford 0.65 g (36%) 2,2-dideuteriobutan-1-ol (bp 114-116 ºC (lit. 

114-116 ºC56); > 98% atom % D by proton NMR integration). 1H NMR (CDCl3): δH 

0.94 (3H, t; 3JCH3CH2 = 7.5 Hz), 1.39 (2H, sextet; 3JHH = 7.5 Hz), 1.55 (2H, t; 3JCH2CH2 

= 7.4 Hz). 

3.3 Results and Discussion 

3.3.1 Water uptake by 1P10X salts. 

Neither 1P10Cl nor 1P10Br is a liquid crystal,20b but both are very hygroscopic 

and gradually convert from solids to liquid crystals when left in air.  The uptake of 

water by the 1P10X salts was examined by 1H NMR spectroscopy on neat samples 

that had been exposed to the air for different periods. To increase resolution, each 

sample was heated to a temperature at which it was isotropic (Figure 3-2). Thermal 

gravimetric analyses (TGA) showed a 3.4 % continuous weight loss between 94 and 
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115 ºC from the sample labeled as monohydrated 1P10Cl in Figure 3-2; 3.5 wt% 

loss corresponds to 1.0 equivalent of water. Samples of the 1P10X with different 

degrees of hydration were also prepared by mixing weighed amounts of water and 

neat 1P10X (Section 3.2.3). 
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Figure 3-2. 1H NMR spectra of neat and hydrated 1P10Cl in their isotropic phases. 

The signal at ~3.2 ppm is attributed to water, and the others listed as α are from 

groups attached to P+.  The quantities of water are approximated from integrations of 

peak areas.  Samples were kept at isotropic temperatures in these experiments for ca. 

5 min to minimize loss of water.  

These hygroscopic properties of the phosphonium halides are attributed to strong 

H-bonding interactions between halide anions and hydroxyl protons of water, as well 



89 

as between phosphorous cations and hydroxyl oxygen atoms.  Consistent with 

expectations based upon the sizes and ‘softness’ of the two halides,57 1P10Br is 

qualitatively less hygroscopic than 1P10Cl.  In both salts, the strong interactions 

retain the complexed water molecules to temperatures above their bulk boiling 

temperature.  Regardless, because the samples were prepared and heated to their 

isotropic phases in sealed tubes, any water loss from the salt is reabsorbed when the 

temperature is lowered. 

3.3.2 Optical textures and phase transition temperatures from polarized optical 

microscopy (POM). 

3.3.2.1 Liquid-crystalline phase textures of 1PnX•ROH. 

Upon being cooled from their isotropic phases, liquid-crystalline samples 

sandwiched between cover glasses spontaneously adopt a homeotropic alignment.  

The micrograph in Figure 3-3A indicates that one-half equivalent of water is 

insufficient to make 1P10Cl a liquid crystal at room temperature: no flow was 

detected when a strong lateral force was placed on the cover slips of this sample and 

a soft material with a compact, fan-shaped texture was observed upon cooling from 

its isotropic phase.  However, The POMs of 1P10Cl•H2O in Figure 3-3B and 

1P14X•CH3OH in Figure 3-3F and 3-H, made upon shearing and then cooling the 

isotropic phase, are fan-shaped textures characteristic of a Smectic A phase.58  

Liquid crystallinity is attributed to the formation of complexes between 1PnX and 
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water or methanol molecules at the head groups of the salts. Oily streak patterns 

were observed when samples were sheared at temperatures within their liquid-

crystalline phases (e.g., Figures 3-3C and 3-3D). The liquid-crystalline phases of the 

1PnX with water or an alcohol are assigned as SmA2 based upon POM and X-ray 

diffraction data (Section 3.3.5). The solid 1PnX were previously identified as 

bilayered lamellar structures (Sections 2.3.2.2 and 2.3.5.1).20 
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Figure 3-3. Polarized optical micrographs (POMs) of hydrated samples after being 

cooled from their isotropic phases: (A) fan-shaped texture of 1P10Cl•0.5H2O in its 

solid phase at 23.7 °C; (B) focal conical fan texture of 1P10Cl•H2O in its LC phase 

at 23.7 °C; (C) oily streak texture of 1P10Cl•CH3OH in its LC phase at -9.5 °C; (D) 

oily streak texture of 1P10Cl•C2H5OH in its LC phase at -13.3 °C; (E) oily streak 

texture of 1P10Cl•CH3(CH2)2OH in its LC phase at -17.4 °C; (F) banded fan-

shaped texture of 1P14Cl•CH3OH in its LC phase at 68.5 °C. (G) oily streak texture 

of 1P10Br•CH3OH in its LC phase at 8 °C; (H) fan-shaped texture of 

1P14Br•CH3OH in its LC phase at 65.6 °C. 
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3.3.2.2 Measurements of phase transition temperatures. 

Clearing temperatures (TC) from either SmA2→isotropic or solid→isotropic 

transitions of heated samples were determined by optical microscopy. Virtually no 

supercooling was observed by optical microscopy (as well as by DSC (Section 3.3.4) 

and 2H NMR analyses (Section 3.3.6)) during isotropic→SmA2 and isotropic→solid 

transitions. Upon cooling, many of the 1PnX•ROH complexes underwent solid-

liquid phase separations at a characteristic temperature, TS, and phase homogeneity 

could be regained only by heating to above the melting temperature of the 1PnX 

component. In only some cases could the liquid crystal-to-biphasic transitions be 

observed by optical microscopy; they were always detectable by X-ray (Section 

3.3.5) and 2H NMR analyses (Section 3.3.6). However, because the increments 

between NMR spectra or X-ray diffractograms are ≥5 ºC, the transition temperatures 

measured by POM (where observable) are more precise. 

3.3.2.3 Different solidifying phases upon cooling 1PnCl•CH3OH and 

1PnBr•CH3OH. 

Optical micrographs reveal that different processes occur when 1P10Cl•CH3OH 

(Figures 3-4A and 3-4B) and 1P10Br•CH3OH solidify (Figures 3-4C and 3-4D). 

Figures 3-4A and 3-4B show liquid crystal with a small amount of solid and solid, 

respectively.  Although both 1P10Cl and 1P10Br form fan-shaped textures when 

cooled from their isotropic phases and become solids (K; Figures 3-4E and 3-4F, 



93 

respectively), solid 1P10Cl•CH3OH and 1P10Br•CH3OH show large and small 

(respectively) fan-shaped focal conic textures. The changes from fan-shaped to focal 

conic textures suggest that the 1P10X and 1P10X•CH3OH have somewhat different 

molecular packing arrangements in their solid phases. Based upon results from NMR 

(Section 3.3.6.2) and XRD experiments (Section 3.3.5.2), at least some of the 

methanol has phase-separated from the 1P10Cl at -26.6 °C. The image in Figure 3-

4C is of a mixture of solid and liquid-crystalline 1P10Br•CH3OH while that in 

Figure 3-4D is for its completely solid phase; we find no NMR or XRD evidence 

(Sections 3.3.5 and 3.3.6) for phase separation of methanol from 1P10Br at 

temperatures as low as -26.6 °C (> TK1-K2) when less than 2 molar equivalents of 

methanol are present. 
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Figure 3-4. Polarized optical micrographs: 1P10Cl•CH3OH (6.0 wt% (1.0 

equivalent) CH3OH) at -22.1 °C (LC+K, A) and -26.6 °C (K, B); 1P10Br•CH3OH 

(5.5 wt% (1.0 equivalent) CH3OH) at -18.8 °C (LC+K, C) and -22.8 °C (K, D); 

1P10Cl at 24 °C (K, E) and 1P10Br at 24 °C (K, F) after being cooled from their 

isotropic phases.  The rounded, non-birefringent objects in C and D are air bubbles. 

In C, the round, birefringent objects are solid and the background is liquid crystal; 

the micrograph in C was recorded with the polarizers parallel to enhance the contrast 

between the solid and liquid-crystalline components. 

Solid 1P14Cl•CH3OH (Figure 3-5A) and 1P18Cl•CH3OH (Figure 3-5E) exhibit 

platelet-like textures like that of their corresponding 1PnCl when samples are cooled 
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to room temperature from their isotropic phases; as mentioned above, the texture of 

solid 1P10Cl•CH3OH is slightly different from the fan-shape of solid 1P10Cl. 

However, all of the homologues of 1PnBr•CH3OH show focal conic textures as 

solids that are very different from the fan-shaped textures of solid 1P10Br and the 

platelet-like textures of solid 1P14Br and 1P18Br (Figure 3-5). These data suggest 

that methanol is retained within the solid phases of 1P14Br•CH3OH and 

1P18Br•CH3OH, as it is in the solid phase of 1P10Br•CH3OH, but it becomes 

separated from the 1PnCl as they are cooled from their smectic to solid phases. 
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Figure 3-5. Polarized optical micrographs of 1PnX and 1PnX•CH3OH (n=14, 18) 

after being cooled to room temperature (K, 24 °C) from their isotropic phases: (A) 

1P14Cl•CH3OH (4.5 wt % (1.0 equivalent) methanol), (B) 1P14Cl, (C) 

1P14Br•CH3OH (4.3 wt % (1.0 equivalent) methanol), (D) 1P14Br, (E) 

1P18Cl•CH3OH (3.7 wt % (1.0 equivalent) methanol), (F) 1P18Cl, (G) 

1P18Br•CH3OH (3.5 wt % (1.0 equivalent) methanol), (H) 1P18Br. 

 



 

 

Table 3-1. Transition temperature ranges by optical microscopy. All transitions were observed on heating except 

the SmA2→BiP(K+I) and SmA2→K transitions which were determined by cooling samples from room 

temperature.  

transition temperatures (°C) 

1PnX  1PnX•CH3OH 
n X K-SmA2 SmA2-I K-I  SmA2-BiP SmA2-K SmA2-I K-I 

10 Cl   103.2 – 105.0  -16.5 – -26.5  27.5 – 34.2  
14 Cl   106.2 – 107.1  59.6 - 64.9  75.7 – 81.5  

18 Cl   100.8 – 101.6     79.3 – 84.6 

10 Br   98.8 – 100.7   -15.0 – -22.2 37.4 – 41.4  

14 Br 103.6 – 104.7 113.2 – 114.0    49.7 – 54.9 76.5 – 82.5  

18 Br 97.5 – 98.9 106.2 – 107.2      81.5 – 85.4 

 

Table 3-2. Transition temperatures by optical microscopy for 1P10Cl with different concentrations of water, 

methanol or ethylene glycol, and with one equivalent of other alcohols, where TC and TS were measured upon 

heating and cooling from room temperature, respectively. 

transition temperatures (ºC) 
wt %, solute  

solute 
equivalent  TC (K→I) TS TC (LC→I) 

comment 

0  103.2 –105.0   Not LC 
1.8, water 0.5   82.8 – 87.7 Partially LCa  

3.5, water 1.0  3.8 – -2.0 28.1 – 36.1 LC 
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1.0, methanol 0.15   69.7 – 83.5 Partially LC 

3.0, methanol 0.50   51.9 – 72.1 Partially LC 

6.0, methanol a 1.0  -16.5 – -26.5 27.5 – 34.2 LC 

8.0, methanol 1.35  -21.0 – -31.2 11.3 – 18.1 LC 

10.0, methanol 1.75  -26.9 – -37.7 2.4 – 7.9 LC 

11.3, methanol 2.0  -33.5 – -41.4 -14.7 – -10.2 LC 

13.0, methanol 2.35  -37.9 – -43.7 -20.7 – -16.9 LC 

14.5, methanol 2.7  -38.3 – -46.0 -32.1 – -25.5 LC 

16.0, methanol 3.0  -39.6 – -47.2 -36.2 – -31.5 LC 

20.2, methanol 4.0 -38.6 – -47.9   Not LC 

5.8, ethylene glycol 0.5  -5.4 – -11.8 32.6 – 39.0 LC 

10.9, ethylene glycol 1.0  -19.4 – -24.2 -6.5 – -3.6 LC 

8.4, ethanol 1.0  -17.7 – -24.5 8.3 – 14.6 LC 

10.6, 1-propanol 1.0  -19.5 – -28.3 9.1 – 13.8 LC 

10.6, 2-propanol 1.0 -20.4 – -25.7   Not LC 

12.8, 1-butanol 1.0  -10.5 – -19.1 7.9 – 12.4 LC 

12.8, 2-butanol 1.0 -23.2 – -28.0   Not LC 

12.8, t-butyl alcohol 1.0 -28.9 – -33.3   Not LC 

14.8, 1-pentanol 1.0 -7.4 – 2.6   Not LC 

20.5, 1-octanol 1.0 31.8 – 37.2   Not LC 

23.8, 1-decanol 1.0 28.2 – 31.7   Not LC 

a A mixture of 1P10Cl and 1P10Cl•ROH (R = H or CH3)   
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Table 3-3. Transition temperatures by optical microscopy of 1P10Br with different concentrations of methanol, 1-

ptropanol, 1-butanol or ethylene glycol, and water. TC and TS were measured upon heating and cooling from room 

temperature, respectively.  

transition temperatures (ºC) 
wt %, solute 

solute 
equivalent  TC (K→I) TS TC (LC→I) 

comment 

0  98.8 – 100.7   Not LC 

3.2, water 1.0  -5.1 – -12.8 55.4 – 60.1 LC 

1.0, methanol 0.15   67.2 – 70.7 Partially LCa 

3.0, methanol 0.55   47.1 – 51.1 Partially LC 

5.5, methanol a 1.0  -15.0 – -22.2 37.4 – 41.4 LC 

6.0, methanol 1.1  -15.6 – -21.4 34.1 – 39.3 LC 

8.0, methanol 1.5  -16.3 – -22.6 23.2 – 28.6 LC 

10.0, methanol 1.9  -17.8 – -24.8 7.8 – 13.2 LC 

11.5, methanol 2.25  -26.4 – -31.7 -13.4 – -7.9 LC 

13.0, methanol 2.55  -37.5 – -43.1 -26.1 – -19.8 LC 

14.5, methanol 2.9  -39.8 – -45.1 -32.5 – -26.2 LC 

16.0, methanol 3.25  -41.7 – -47.3 -38.9 – -31.6 LC 

18.9, methanol 4.0 -42.7 – -48.8   Not LC 

2.7, 1-propanol 0.25   55.7 – 61.8 Partially LC 

5.2, 1-propanol 0.5   41.0 – 45.0 Partially LC 

9.9, 1-propanol 1.0  -28.6 – -37.7 22.2 – 28.8 LC 
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14.1, 1-propanol 1.5  -31.5 – -39.2 -15.4 – -9.8 LC 

17.9, 1-propanol 2.0  -36.1 – -43.5 -28.9 – -24.4 LC 

3.3, 1-butanol 0.25   61.1 – 65.2 Partially LC 

7.5, 1-butanol 0.6   37.2 – 40.9 Partially LC 

11.9, 1-butanol 1.0  -6.0 – -12.1 25.7 – 29.1 LC 

16.8, 1-butanol 1.5 0.3 – 5.0   Not LC 

2.7, ethylene glycol 0.25   56.0 – 60.1 Partially LC 

5.3, ethylene glycol 0.5  -20.5 – -26.8 39.3 – 41.2 LC 

7.8, ethylene glycol 0.75  -26.9 – -33.7 15.4 – 18.4 LC 

10.1, ethylene glycol 1.0  -29.7 – -35.0 -7.8 – -3.0 LC 

14.5, ethylne glycol 1.5  -24.6 – -32.2 -18.8 – -13.1 LC 

18.4, ethylene glycol 2.0 -28.1 – -37.4   Not LC 

7.7, ethanol 1.0  -21.1 – -28.9   33.7 – 42.6 LC 

9.9, 2-propanol 1.0  -33.9 – -41.8 -1.1 – 2.6 LC 

11.9, 2-butanol 1.0  -27.1 – -32.8 -1.8 – 3.5 LC 

11.9, t-butyl alcohol 1.0  -28.0 – -35.1 -5.9 – -0.6 LC 

13.8, 1-pentanol 1.0  -0.5 – -6.6 7.3 – 10.3 LC 

15.6, 1-hexanol 1.0  18.0 – 14.1 24.2 – 31.0 LC 

19.1, 1-octanol 1.0 30.3 – 34.3   Not LC 

22.3, 1-decanol 1.0 27.6 – 30.2   Not LC 

a A mixture of 1P10Br and 1P10Br•ROH (R = alkyl) or 1P10Br•(CH2OH)2 
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3.3.2.4 Structure correlated transition temperatures of 1PnX•ROH. 

3.3.2.4.1 Dependence on the length of the long alkyl chains (n). 

Both the 1PnCl (n = 10 or 14) and 1P10Br can become liquid-crystalline and 

1P14Br leads to a lower and broader mesophase temperature range when they are 

associated with one equivalent of methanol molecules. Evidence for 1PnX•CH3OH 

complex formation (as well as for other 1P10X•H(CH2)jOH) is found from XRD 

and 2H NMR data that will follow in Sections 3.3.5 and 3.3.6. As expected on the 

basis of what is known about the transition temperatures of solid n-alkanes, the data 

in Table 3-1 indicate that liquid crystallinity and lower melting temperatures are 

favored by shorter n chains. Most notably, the SmA2 onset temperatures of the two 

1P10X•CH3OH are significantly below room temperature and their mesophases 

persist for more than 40 degrees. We conjecture that the ionic layers of 

1P18X•CH3OH, after being solvated by methanol molecules, are not strong enough 

to maintain their lamellae when long alkyl chains melt; 1P18X salts with the longest 

alkyl chains investigated here leads to the least ordered lamellae. 

3.3.2.4.2 Dependence of the solute alcohol structure (ROH) and anion (X). 

The possible formation of liquid-crystalline phases by 1P10X•H(CH2)jOH 

(where j is ≤ 6) and 1P10X•i(CH2OH)2 (where i = 0.5 or 1.0; i.e., containing one-

half or one molar equivalent of ethylene glycol) has been examined here (Figure 3-6 

and Tables 3-2 and 3-3). The mesophases span a wide temperature range, from ca. -



102 

30 to 50 °C, depending on the specific X and H(CH2)jOH.  Whereas liquid 

crystallinity of 1P10Cl was not induced by added alcohols with j > 4 or branched 

alcohols, such as isopropyl alcohol or t-butyl alcohol, 1P10Br was able to form 

liquid-crystalline phases with all of the alcohols with j ≤ 6, including those that are 

branched. The mesomorphic temperature ranges of both salts could be ‘tuned’ by 

altering the structure of the added alcohol. 

Both the clearing and solidifying temperatures (where a solid was formed within 

the temperature range examined) of the 1P10Br•H(CH2)jOH decreased as j 

increased from 0 to 3 (i.e., water > methanol > ethanol > 1-propanol), and then 

increased to j = 6 while the mesophase temperature range decreased. A similar, but 

less clear, trend was found for the 1P10Cl•H(CH2)jOH. Somewhat surprisingly, 1-

decanol, an alcohol whose chain length is the same as that of the long alkyl chains of 

1P10X, did not induce a liquid crystal phase in either salt. 

Secondary and tertiary alcohols decrease both TC and TS of the 1P10X•ROH 

much more than their primary alcohol isomers. Ethylene glycol, with two hydroxyl 

groups, lowers TC of the liquid-crystalline 1P10X•ROH more than any of the 

alcohols with one hydroxyl group, and it narrows the mesophase range. However, 

one-half equivalent of ethylene glycol, corresponding to one equivalent of hydroxyl 

groups, provides 1P10X•0.5(CH2OH)2 whose mesophase ranges are among the 

broadest observed.  This observation and other evidence that will be presented 
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subsequently point to specific interactions between hydroxyl groups and the charged 

head groups of the 1P10X salts. 
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Figure 3-6. Phase transition temperatures of 1P10Cl (A) and 1P10Br (B) in the 

presence of one equivalent of water or an alcohol, or one-half equivalent of ethylene 

glycol. TC = clearing temperature on heating; TS = solidification temperature of 

1P10Br and solidification with liquid phase separation of 1P10Cl on cooling. 
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3.3.2.5 Phase diagrams of 1P10X/CH3OH, 1P10Br/(CH2OH)2 and 

1P10Br/H(CH2)4OH systems. 

As shown in the phase diagrams for 1P10X in the presence of different 

concentrations of methanol, 1-butanol, and ethylene glycol (Figure 3-7 and Tables 3-

2 and 3-3), liquid-crystalline phases persist in some cases when much more than one 

molar equivalent of hydroxyl groups is added. At temperatures below TS of 

1P10Cl•mCH3OH, phases with even less than one equivalent of methanol separate 

into solid 1P10Cl and methanol; 1P10Br•mCH3OH (m ≤ 1.0) remain one (solid) 

phase at methanol concentration up to one equivalent and separate into a solid and a 

liquid noticeable only at m > 1.0.  

From the phase diagrams in Figures 3-7A and 3-7B, it is clear that at least one 

molar equivalent of methanol is necessary to induce formation of a homogeneous 

smectic phase; the 1P10X are converted only partially to liquid crystals at lower 

methanol concentrations.  The solidifying temperature decreases less rapidly with 

increasing methanol concentration than the clearing temperature.  The congruence 

between the TC and TS lines occurs for both salts at ca. 4 equivalents of methanol; the 

temperatures are -38.6 to -47.9 ºC in 1P10Cl, and -42.7 to -48.8 ºC in 1P10Br. 

However, liquid crystallinity could not be retained even at 1.5 equivalents of 1-

butanol (Figure 3-7C) or ~2 equivalents of ethylene glycol (Figure 3-7D) in 1P10Br. 
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Figure 3-7. Phase diagrams of 1P10Cl (A) and 1P10Br (B) with different 

concentrations of methanol, and 1P10Br with different concentrations of 1-butanol 

(C) or ethylene glycol (D).  K’ = solid of 1P10Br•CH3OH, L = liquid of the solute. 

Lines between points are drawn as a visual aid and are not based on a physical 

model. Points for solid lines were determined by optical microscopy; points for 

dashed lines were determined (less precisely) using X-ray diffractometry (Section 

3.3.5) and 2H NMR data (Section 3.3.6).  

The phase diagram in Figure 3-7D indicates that only one-half molar equivalent 

of ethylene glycol, corresponding to one molar equivalent of hydroxyl groups, is 

needed to convert 1P10Br into a completely liquid-crystalline phase, and the same 

result is found with 1P10Cl (Figure 3-7A). In the homogeneous liquid-crystalline 

phases at the higher ethylene glycol concentrations, both, one or neither of the 

hydroxyl groups from one molecule may be associated with salt head groups; our 

current data do not allow a distinction among these possibilities. The fact that the 

temperature at which liquid crystallinity of 1P10Br is lost (at ca. 2.0 molar 
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equivalents or 4.0 equivalents of hydroxyl groups), -28.1 to -37.4 ºC, is somewhat 

higher than when methanol is the added alcohol is attributed to the covalent linkage 

between the hydroxyl groups in ethylene glycol; the decreased motional freedom of 

the linked hydroxyl groups should allow the head groups of the salt to remain 

organized to a higher temperature. 

3.3.3 Thermogravimetric analyses (TGA) of 1PnX•CH3OH. 

On the basis of TGA data, neat 1PnX are thermally stable up to at least 200 °C. 

Table 3-4 includes the calculated (i.e., for one equivalent of methanol) and actual 

weight losses from the 1PnX•CH3OH and the temperature ranges where the weight 

reductions were observed. In general, the weight losses occur at lower temperatures 

and the discrepancy between the theoretical and observed losses of methanol 

increases with increasing alkyl chain lengths (n).  For the 1P10X•CH3OH, a weight 

loss corresponding to 0.93 (X = Cl) and 0.92 (X = Br) equivalents of methanol and 

occurring at temperatures exceeding the boiling point of the alcohol, 65 °C, was 

measured.  The weight loss has been attributed to strong H-bonding interactions 

between halide anions and hydroxyl protons of methanol as well as between 

phosphorus cations and hydroxyl oxygen atoms. The losses drop to 0.55 and 0.33 

equivalents for 1P14Cl•CH3OH and 1P18Cl•CH3OH, respectively, and the same 

trend is found with the bromides. We conjecture that the loss of methanol at lower 

temperatures (and in smaller amounts) from the longer-chained 1PnCl•CH3OH is a 
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consequence of the materials being crystalline at room temperature and their ionic 

layers not being able to accommodate well the volume of an added methanol 

molecule on an equimolar basis. Because the methanol molecules are not held tightly 

within these solid matrices, a large fraction of them probably escape prior to the 

onset of measurement in the open pans of the TGA instrument. Evidence for this 

type of phase separation of methanol from the phosphonium chloride salts is found 

in XRD (Section 3.3.5), 2H NMR (Section 3.3.6), and POM data obtained from their 

solid phases. For example, when 1P10Cl•CH3OH is cooled sufficiently, it separates 

into micropools of liquid interspersed within a solid (as indicated by NMR and XRD 

measurements). 

Table 3-4. Weight loss and their temperature ranges from 1PnX.CH3OH.   

samples (wt% CH3OHa)  temperature range (°C)  weight loss (%) 

1P10Cl.CH3OH (6.00)  96 – 114  5.56 
1P14Cl.CH3OH (4.54)  41 – 70  2.48 

1P18Cl.CH3OH (3.67)  25 – 100  1.13 

  100 – 200  0.07 

1P10Br.CH3OH (5.50)  94 – 116  5.07 

1P14Br.CH3OH (4.27)  61 – 89  3.18 

1P18Br.CH3OH (3.49)  25 – 100  1.39 

  100 – 200  0.22 

1P18Br.CH3OH (3.49)b  38 – 63  2.45 

a The actual weight percents of the added methanol in the 1PnX•CH3OH are shown 

in parentheses. b Cooled rapidly after 10 h at 100 °C to room temperature in the air. 
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3.3.4 Differential Scanning Calorimetry (DSC) of 1PnX•ROH. 

Cooling thermograms were examined from the highest temperatures within the 

isotropic phases to the lowest temperatures within the solid phases (Table 3-5). At 

the lowest temperature explored, -80 ºC, all of the samples with phosphonium salt 

and an alcohol became phase-separated; only upon reheating these samples to their 

isotropic phase and recooling could homogeneous liquid-crystalline phases be 

restored (Figure 3-8 and 2H NMR data in Section 3.3.6). In addition, a solid-to-solid 

phase transition was observed on cooling most of the samples with an alcohol to low 

temperatures (< -50 ºC). Interestingly, subsequent warming of these samples led to 

exotherms, indicative of formation of more stable crystalline phases. All of these 

phase changes are a result of physical changes — we have obtained no evidence by 

NMR, TGA, and optical spectroscopies for chemical degradation of the 

phosphonium salts when they are heated neat or in the presence of an alcohol to ca. 

200 ºC. 

Table 3-5. Enthalpies (∆H) and entropies (∆S) of I-SmA2 (or I-K), SmA2-K2 and K2-

K1 phase transitions for 1P10X and 1P10X•H(CH2)jOH (X = Cl or Br; j = 0-6) from 

DSC thermograms on first cooling at 5 ºC/min.  

first cooling 
sample transition 

T (°C)a ∆H (kJ/mol)b ∆S (J/mol·K)c 

1P10Cl I-K2 101.9 14.3 -38.1 

 K2-K1 -20.3 8.7 -34.4 
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1P10Cl•H2O I- SmA2 35.0 2.1 -6.8 

 K2-K1 -33.9 5.4 -22.6 

1P10Cl•CH3OH I- SmA2 32.7 2.3 -7.5 

 K2-K1 -52.1 0.5 -2.3 

1P10Cl•H(CH2)2OH I- SmA2 14.1 1.8 -6.3 

 K2-K1 -62.5 1.4 -6.7 

1P10Cl•H(CH2)3OH I- SmA2 12.7 2.4 -8.4 

 K2-K1 -61.2 2.0 -9.4 

1P10Cl•H(CH2)4OH I- SmA2 8.0 2.4 -8.5 

 SmA2-K1 -20.3 33.7 133.3 

 K2-K1 -46.1 0.3 -1.3 

1P10Br I-K2 94.0 10.3 -28.1 

 K2-K1 -35.1 8.4 -35.3 

1P10Br•H2O I- SmA2 56.5 2.6 -7.9 

 K2-K1 -35.9 1.7 -7.2 

1P10Br•CH3OH I- SmA2 40.2 2.4 -7.7 

 K2-K1 -62.1 3.9 18.5 

1P10Br•1.5CH3OH I- SmA2 35.2 2.9 -9.4 

 K2-K1 -62.3 4.7 22.3 

1P10Br•H(CH2)2OH I- SmA2 30.9 2.1 -6.9 

 K2-K1 -53.1 12.5 56.8 

1P10Br•H(CH2)3OH I- SmA2 23.9 2.1 -7.1 

 K2-K1 -47.3 18.8 -83.3 

1P10Br•H(CH2)4OH I- SmA2 21.8 2.8 -9.5 

 SmA2-K2 -9.6 45.5 172.7 

 K2-K1 -50.2 0.3 -1.3 

1P10Br•H(CH2)5OH I- SmA2 14.4 3.3 -11.5 

 SmA2-K2 -8.4 43.7 165.2 

 K2-K1 -48.0 0.2 -0.9 

1P10Br•H(CH2)6OH I- SmA2 32.5 3.2 -10.5 
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 SmA2-K2 6.3 50.1 179.4 

 K2-K1 -50.9 0.4 -1.8 

a From peak onsets. b Calculated using the molecular weight of 1P10X•H(CH2)jOH 

(j = 0-6) or 1P10Br•1.5CH3OH at the I-SmA2 and SmA-K2 transitions and of 

1P10Br•iCH3OH (i = 1.0 or 1.5) and 1P10Br•H(CH2)2OH at the K2-K1 transitions, 

and using the molecular weight of 1P10X at the K2-K1 transitions of other complex 

samples due to the occurrence of a prior phase separation; see text. c T
HS ∆=∆  

using T at the onset temperatures of the phase transitions from the first cooling cycle. 

When cooled to a temperature between TSmA2-K2 (as discerned from OM) and TK2-

K1 (based on DSC thermograms) and then heated to 50 ºC, 1P10Cl•CH3OH still 

showed an exotherm near -30 ºC (like that observed at TK2-K1 on the first heating) 

(Figure 3-8A). After being cooled to -80 ºC (i.e., <TK2-K1) or -50 ºC (i.e., >TK2-K1), 

other heating exotherms like those from neat 1P10Cl were observed between 0 and 

15 ºC. These observations indicate that 1P10Cl•CH3OH separates on cooling into 

1P10Cl and methanol at the SmA2 → K2 phase transition. By contrast, 

1P10Br•iCH3OH (1≤ i <2) did not exhibit a heating exotherm in the K2 phase 

temperature region when it was recooled to -40 ºC (Figures 3-8B and 3-8C). The 

third cooling and heating thermograms of 1P10Br•iCH3OH showed no transition 

between -40 and 0 ºC; only on additional cooling, to below the K2 → K1 transition 

temperature, was phase separation noted (Section 3.3.6.2). 
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Figure 3-8. DSC thermograms of (A) 1P10Cl•CH3OH (6.0 wt% CH3OH), (B) 

1P10Br•CH3OH (5.5 wt% CH3OH), and (C) 1P10Br•1.5CH3OH (8.0 wt% 

CH3OH). The protocols start by cooling from the isotropic phases; all heating and 

cooling rates were 5 ºC/min. The first cooling and heating cycle (top) was followed 

by a second (bottom; heats vertically offset) and the samples were cooled again for 

another cycle (red line) commencing when the temperature reached 0 ºC on heating 

(black line). 

Because the forces holding chloride and hydroxyl groups together are stronger 

than those between bromide and hydroxyl,59 the I→SmA2 phase transitions 
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(involving establishment of specific halide-hydroxyl interactions) have smaller 

negative entropies (∆S) when chloride is involved (Table 3-5). The detection by 2H 

NMR experiments of two distinctly different chemical environments of methanol 

molecules in the liquid-crystalline phase of 1P10Cl•CH3OH, but not in the liquid-

crystalline phase of 1P10Br•CH3OH (Section 3.3.6.2), is consistent with the 

stronger Cl-OH interactions. Also, the SmA2 → K2 phase transitions of salt 

complexes with long primary alcohols (≥ butyl) and either chloride or bromide as the 

anion had very large positive entropies, implying the occurrence of a phase 

separation. 

3.3.5 X-ray Diffraction (XRD). 

3.3.5.1 Solute concentration dependence on phase properties. 

X-ray diffraction is a more sensitive tool than optical microscopy for the 

detection of small amounts of solid in liquid-crystalline 1P10X at less than one 

equivalent of an alcohol. The diffractograms confirm the conclusion based upon OM 

data that one equivalent of an alcohol is needed to convert one of the 1P10X salts 

completely into a liquid crystal. Figures 3-9 and 3-10 show the influence of added 

alcohols on the XRD patterns of 1P10Cl and 1P10Br at a certain temperature. Based 

on the higher angle regions of the diffractograms (N.B., the residual sharp diffraction 

peaks at 2θ > 10° corresponding to those found in neat, solid 1P10X when less than 

one equivalent of hydroxyl groups is present), the samples with less than one molar 
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equivalent of hydroxyl groups appear to exist as mixtures of 1P10X and 

1P10X•ROH and are not fully transformed into liquid crystals until one molar 

equivalent of hydroxyl groups is present. The broad, low-angle peaks at ca. 20º in 2θ 

are from intralayer diffractions and, with the presence of a sharp, low angle peak, are 

characteristic of a smectic phase.14a,20,45  In addition, the strong, low-angle peaks of 

the diffractograms (Figures 3-9 and 3-10) shift to slightly higher angles with 

increasing concentrations of an alcohol. These shifts correspond to decreases in the 

lamellar d spacings of 10.7% for 1P10Cl and 7.7% for 1P10Br (Figure 3-9C). The 

absolute value of d for 1P10Cl is larger than that for 1P10Br because the smaller 

ionic radius of chloride (1.81 Å) than bromide (1.96 Å)42 (and stronger electrostatic 

attraction) translates to a smaller cross-sectional area allocated to each 1P10Cl 

molecule as projected onto an ionic layer plane. Consequently, each of the three 

decyl chains is splayed out over more lateral space and the lamellar spacing 

decreases.20a 

Small, but clearly discernible, increases of the full-width-at-half-height (FWHH) 

of the low angle peaks for both 1P10X are also noted as methanol is added 

incrementally up to a concentration of 1.0 molar equivalent (Figure 3-9C). Those 

increases are consistent with our model in which molecules of methanol reside 

preferentially in the ionic regions and ‘loosen’ the correlated motions of cations and 

anions residing therein.  The lamellar spacing d reported here is an average layer 
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thickness; the FWHH represents the distribution of that average. The distribution 

increases with increasing concentrations of methanol (up to a point) because of the 

coexistence of domains of 1P10X and 1P10X•CH3OH, with different d-spacings. 
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Figure 3-9. Vertically offset powder X-ray diffractograms of (A) 1P10Cl and (B) 

1P10Br with different concentrations (molar equivalents) of methanol at 24 °C. The 

spacing progressions, based on a lamellar phase, are marked by arrows. (C) 

Calculated lamellar spacings (1P10Cl, ■; 1P10Br, ●) and FWHH (1P10Cl, □; 

1P10Br, ○) from the lowest-angle peak as a function of the number of equivalents of 

added methanol. The lines linking points are a visual aid only and have no physical 

significance.   
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Figure 3-10. Vertically offset powder X-ray diffractograms of 1P10Br with 

different concentrations (molar equivalents) of (A) 1-butanol at 24 °C and (B) 

ethylene glycol at 14.5 °C. 

The diffractograms of 1P10Cl with 1.8 wt% (0.5 equiv.) of water (Figure 3-

11A), and 1.0 wt% (0.15 equiv.) or 3.0 wt% (0.5 equiv.) of methanol (Figures 3-11B 

and 3-11C) are consistent with a coexisting mixture of solid and liquid-crystalline 

phases within a wide temperature range. The broad low-angle peak at 2θ slightly 

higher than the sharp peak found in neat solid 1P10Cl gradually grows in importance 

as the water and methanol concentrations are increased from 0 to 1 equivalent or the 

temperature is increased. The small shift of the low angle peaks to higher values of 

2θ at higher temperatures is a result of increased thermal motions of the n-alkyl 

chains. 
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Figure 3-11. Stack plots of X-ray diffractograms of 1P10Cl with (A) 1.8 wt% (0.5 

equiv.) of H2O, and (B) 1.0 wt% (0.15 equiv.), (C) 3.0 wt% (0.5 equiv.), (D) 6.0 
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wt% (1.0 equiv.), (E) 8.0 wt% (1.35 equiv.), and (F) 10.0 wt% (1.75 equiv.) of 

CH3OH as a function of temperature (and phase). The spacing progressions, based 

on a lamellar phase, are marked by arrows. 
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Figure 3-12. Stack plots of X-ray diffractograms of 1P10Br with (A) 3.0 wt% (0.55 

equiv.), (B) 5.5 wt% (1.0 equiv.), (C) 8.0 wt% (1.5 equiv.) and (D) 10 wt% (1.9 

equiv.) of CH3OH at various temperatures and in different phases. The spacing 

progressions, based on a lamellar phase, are marked by arrows. The peaks noted by 1 

in C and D are the reference for two coexisting sets of lamellar structures. 
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Figure 3-13. Stack plots of X-ray diffractograms of 1P10Br with (A) 2.7 wt% (0.25 

equiv.), (B) 5.3 wt% (0.5 equiv.), (C) 7.8 wt% (0.75 equiv.), (D) 10.1 wt% (1.0 

equiv.) and (E) 14.5 wt% (1.5 equiv.), and 1P10Cl with (F) 5.8 wt% (0.5 equiv.) and 

(G) 10.9 wt% (1.0 equiv.) of ethylene glycol as a function of temperature (and 

phase). The spacing progressions, based on a lamellar phase, are marked by arrows. 
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Figure 3-14. Stack plots of X-ray diffractograms of 1P10Br with (A) 3.3 wt% (0.25 

equiv.), (B) 7.5 wt% (0.6 equiv.) and (C) 11.9 wt% (1.0 equiv.) of 1-butanol at 

various temperatures and in different phases. The spacing progressions, based on a 

lamellar phase, are marked by arrows. 

Each molecule of 1P10X can be associated with one molecule of water or 

alcohol, albeit in a weak complex, when one equivalent of liquid is added. 

Furthermore, the 1P10X are able to maintain their liquid crystallinity in the presence 

of more than one equivalent of methanol or more than one-half equivalent of 

ethylene glycol, and the X-ray diffractograms (and d-spacings) at several 

concentrations of methanol (Figures 3-11 and 3-12), ethylene glycol (Figures 3-13), 

and 1-butanol (Figure 3-14) are plotted at different temperatures. Figures 3-15 and 

Figure 3-16 show the X-ray diffractograms and d-spacings of the 1PnX with one 

equivalent of several alcohols at different temperatures. As expected for smectic 
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phases, the XRD patterns of all of the 1PnX/alcohol liquid-crystals consist of one 

narrow low-angle peak at 2θ in the region 3.5º to 5º and one broad, high-angle peak 

at 2θ ≈ 20º.  In the corresponding isotropic phases, the low-angle peak is weak and 

broadened, but its presence implies that some residual ordering is still retained. The 

phase transition temperatures inferred from their X-ray diffractograms are consistent 

with those from optical microscopy, but the latter are more precise for instrumental 

reasons (Figures 3-6 and 3-7). 
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Figure 3-15. Stack plots of X-ray diffractograms of 1P10Br with (A) 7.7 wt% (1.0 

equiv.) of ethanol, (B) 9.9 wt% (1.0 equiv.) 1-propanol, (C) 9.9 wt% (1.0 equiv.) 2-

propanol, (D) 11.9 wt% (1.0 equiv.) t-butyl alcohol, and (E) 13.8 wt% (1.0 equiv.) 1-

pentanol, and (F) 1P14Br with 4.3 wt% (1.0 equiv.) of methanol at various 

temperatures and in different phases. The spacing progressions, based on a lamellar 

phase, are marked by arrows. The peaks noted by 1 in E are the reference for two 

coexisting sets of lamellar structures. 
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Figure 3-16. Stack plots of X-ray diffractograms of 1P10Cl complexes with (A) 3.5 

wt% (1.0 equiv.) of water, (B) 8.4 wt% (1.0 equiv.) of ethanol, (C) 10.6 wt% (1.0 

equiv.) of 1-propanol, (D) 12.8 wt% (1.0 equiv.) of 1-butanol, and (E) 1P14Cl 

complexes with 4.5 wt% (1.0 equiv.) of methanol at various temperatures and in 

different phases. The spacing progressions, based on a lamellar phase, are marked by 

arrows. 
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The XRD diffractograms of almost all of the solid phases investigated here show 

peak progressions which are consistent with lamellar structures; although some of 

the expected higher order reflections are absent in some of their diffractograms, 

spacing ratios corresponding to 1, 1/2, 1/3, etc.44 can be found. Furthermore, the d-

spacings in the LC phases are between one and two of a fully extended long chain of 

a tri-alkylphosphonium salt with 10, 14, and 18 carbon atom chains, respectively 

(See Section 2.3.5.1). As mentioned above, the liquid crystalline phases are assigned 

as smectic A2.20a,60  
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Figure 3-17. Heat flow from DSC thermograms and lamellar thicknesses (d) from 

X-ray diffractograms (o) as a function of temperature for amphotropic liquid-

crystalline (A) 1P14Cl•CH3OH and (B) 1P14Br•CH3OH. The two points at one 

temperature for 1P14Cl•CH3OH come from two-low angle peaks during the 

K→SmA2 transition (see Figure 3-16E).  Lines between points are drawn as a visual 

aid and are not based on a physical model. LC = SmA2. 
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Figure 3-17 shows the correlation between heat flows from DSC thermograms 

and lamellar thickness from XRD diffractograms on temperature for 1P14X•CH3OH 

samples. The low-angle peak of 1P14Cl•CH3OH splits into two peaks as the sample 

is cooled and passes through the SmA2→BiP transition.  As indicated by the OM 

measurements, the two peaks are from a coexisting mixture of solid 1P14Cl (in 

which the methanol molecules have been expelled) and 1P14Cl•CH3OH complexes. 

1P14Br•CH3OH, which remains monophasic throughout the same cooling regime, 

retains a single low-angle peak; this result is consistent with the observations 

mentioned above that 1P14Br and methanol remain associated in its solid phase.  

The data in Figure 3-17 are also consistent with our assertion that methanol is 

retained more effectively at higher temperatures by the 1PnBr•CH3OH salts than by 

the corresponding chlorides; most of the methanol appears to be lost from 

1P14Cl•CH3OH below the boiling point of methanol. 

3.3.5.2 Different solid phases for X = Cl and Br in 1PnX•iCH3OH.  

Neat 1P10Cl remains a single solid phase throughout the temperature range 

investigated and where 1P10Cl•CH3OH exhibits a SmA2 phase and is biphasic 

(Figures 3-11D and 2-16).  Two low-angle peaks appear as 1P10Cl•CH3OH enters 

its BiP phase: one (d = 21.0 Å) is obviously from neat, solid 1P10Cl (Figure 3-18A) 

and the other (d = 27.0 Å) is from a less interdigitated phase, perhaps as a result of 

the loss of specific inter-molecular interactions between the head groups of 1P10Cl 
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and methanol molecules (Section 3.3.6).  By contrast, 1P10Br•CH3OH remains 

monophasic throughout when cooled from its LC phase and has a smaller lamellar 

spacing than 1P10Br in its K phase because the associated methanol molecules 

increase the head-group area projected onto a layer plane and, thus, allow the long 

alkyl chains to bend more (Figure 3-18B). Solidification of 1P10Br•CH3OH 

involves only ‘freezing’ of the motions of the 3 decyl chains since methanol 

molecules remain situated at the ionic head groups. 
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Figure 3-18. Stack plots of X-ray diffractograms of (A) 1P10Cl with (a) 0 wt%, (b) 

6.0 wt% (1.0 equiv.), (c) 8.0 wt% (1.35 equiv.) and (d) 10.0 wt% (1.75 equiv.) of 

methanol, and (B) 1P10Br with (a) 0 wt%, (b) 5.5 wt% (1.0 equiv.), (c) 8.0 wt% 

(1.5 equiv.) and (d) 10.0 wt% (1.9 equiv.) of methanol below their solidification 

temperatures. The numbers at left correspond to the lamellar thicknesses d (Å) based 

on the low-angle peaks. 
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As indicated by the TGA (Section 3.3.3) and DSC (Section 3.3.4) data, the 

1PnCl•CH3OH salts undergo phase separation (to solid 1PnCl and methanol) while 

the 1PnBr•CH3OH do not when they are heated to the boiling point of methanol.  

Additional evidence for this conclusion is found in the XRD diffractograms of the 

1PnX•CH3OH (n = 14 or 18) that had been heated previously to their isotropic 

phases and cooled to room temperature (Figure 3-19). Consistent with the loss of 

methanol from the 1P14Cl•CH3OH complex, diffractograms from it and 1P14Cl are 

nearly the same (Figure 3-19A).  By contrast, the XRD pattern and d spacing of 

1P18Cl•CH3OH (which also suffers a loss of methanol at elevated temperatures) are 

clearly different from those of 1P18Cl.  Although the reason for the difference 

between the two diffractograms in Figure 3-19B is not obvious at this time, we 

conjecture that the solidifying salt is influenced by the presence of methanol 

molecules to adopt a different packing arrangement.  Apparently, London dispersion 

interactions among the longer chains of the chloride series are more important 

energetically than the head group interactions with methanol, and the latter are 

expelled from the ionic planes of the lamellar phases to maintain a more compact 

packing structure within each layer. By contrast, 1PnBr•CH3OH loses methanol 

above its boiling point and the d-spacing of solid 1PnBr•CH3OH is smaller than that 

of the corresponding 1PnBr (Figures 3-19C and 3-19D). 
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Figure 3-19. X-ray diffractograms of 1PnX (lower in each box) and 1PnX•CH3OH 

(upper in each box) at 24 °C in their solid phases (prepared by cooling from their 

isotropic phases): (A) 1P14Cl and 1P14Cl•CH3OH (4.5 wt % (1.0 equivalent) 

methanol), (B) 1P18Cl and 1P18Cl•CH3OH (3.7 wt % (1.0 equivalent) methanol),  

(C) 1P14Br and 1P14Br•CH3OH (4.3 wt % (1.0 equivalent) methanol), and (D) 

1P18Br and 1P18Br•CH3OH (3.5 wt % (1.0 equivalent) methanol). The spacing 

ratios, assuming lamellar structures, are indicated by arrows.  

In the presence of more than 1.0 equivalent of methanol and at temperatures 

below TS, the X-ray diffractograms of the solid 1P10X indicate a coexistence of two 

lamellar phases (i.e., two low-angle peaks); at the same temperatures, the neat 

1P10X remain a single solid phase with only one low-angle peak (d = 21.1 Å)  

(Figures 3-18). In biphasic 1P10Cl•iCH3OH with i > 1 (Figures 3-18A), the solid 

part consists of less and more interdigitated lamellae and liquid methanol; the 

relative intensities of the low-angle diffraction peaks corresponding to the larger 
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lamellar thickness (dL ; i.e., to the lower angle peak) and to the smaller thickness (dS), 

decrease and increase, respectively, with increasing i (1 < i < 2). 

Two low-angle peaks for solid 1P10Br•iCH3OH (1 < i < 2) may result from 

discrete domains of solid 1P10Br•CH3OH and 1P10Br•2CH3OH (Figures 3-18B); 

no separation between 1P10Br and methanol molecules is evident in K2 solid phases 

with i as high as 1.9.  In the same samples, the peak intensity ratios, dL/dS, increase 

with increasing i as a result of the influence of the methanol molecules on the head-

group area projected onto a layer plane and, thus, the degree of chain interdigitation. 

Interestingly, one of the lamellar thicknesses of the solid phase of both the chloride 

and bromide salts in the presence of more than 1.0 equivalent of methanol is 18.0 ± 

0.1 Å. We suggest that there may be a maximum degree of interdigitation among n-

decyl chains of neighboring bilayers. 

3.3.5.3 Dependence of lamellar thickness on ethylene glycol concentration. 

Similar small changes in d as 1P10Br•i(CH2OH)2 (0.5 ≤ i ≤ 1.0; 1-2 molar 

equivalents of hydroxyl groups) are cooled from their liquid-crystalline phases to 

below TS (Figure 3-13) again indicate no phase separation in the solids. At i = 1.5, a 

new low-angle peak (d = ca. 38 Å) is observed, however, and may be a consequence 

of phase separation. At a common temperature within the liquid-crystalline phase of 

1P10Br•i(CH2OH)2, the decrease of d between i = 0.5 and i = 0.75 and near 

constant value at i = 0.75 and i = 1.0 (Figure 3-20) suggest that ethylene glycol 
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molecules may be associated and oriented with the ionic head groups parallel to the 

ionic planes at the lower concentrations and then more orthogonal to them (i.e., with 

only one hydroxyl of each molecule associated with a head group) at the higher 

concentrations. 
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Figure 3-20. Dependence of lamellar thicknesses (d) on temperature and ethylene 

glycol concentration within the liquid-crystalline phases of 1P10Br with 5.3 wt% 

(0.5 equiv.), ■; 7.8 wt% (0.75 equiv.), ○; 10.1 wt% (1.0 equiv.), ▼ and 14.5 wt% 

(1.5 equiv.), ◇. Lines between points are drawn as a visual aid and are not based on 

a physical model. 

Table 3-6. Rates of change of lamellar spacings (d) with temperature (∆d/∆T) 

throughout the SmA2 phases of 1P10X with different concentrations of ethylene 

glycol.  

Sample ∆d/∆T  
(Å/ºC) 

Correlation coefficient 
(R) 

1P10Cl•0.5(CH2OH)2 
5.8 wt% (0.5 equiv.) (CH2OH)2 

-0.054 0.97 
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1P10Cl•(CH2OH)2 
10.9 wt% (1.0 equiv.) (CH2OH)2 

-0.017 0.99 

1P10Br•0.5(CH2OH)2 
5.3 wt% (0.5 equiv.) (CH2OH)2 

-0.020 0.99 

1P10Br•0.75(CH2OH)2 
7.8 wt% (0.75 equiv.) (CH2OH)2 

-0.021 0.99 

1P10Br•(CH2OH)2 
10.1 wt% (1.0 equiv.) (CH2OH)2 

-0.022 0.97 

1P10Br•1.5(CH2OH)2 
14.5 wt% (1.5 equiv.) (CH2OH)2 

-0.025 1.00 

 

3.3.5.4 The decreasing rate of lamellar spacing within SmA2 phases. 

The d values decrease noticeably with increasing temperature in the SmA2 

phases for all of the alcohols examined with both 1P10X salts (Figures 3-17, 3-20, 3-

21 and 3-22), apparently as a result of increased conformational liability (including 

more gauche bends) of the n-decyl chains attached to a phosphorus atom and, 

perhaps, to less well-defined ionic layering (i.e., greater interpenetration of charged 

groups). The approximate rates of change of the layer spacing for 1P10X•iCH3OH 

and 1P10Cl•i(CH2OH)2 within their liquid-crystalline phases, ∆d/∆T, provide a 

measure of the ability of the decyl chains to adapt less extended conformations. As 

expected, the rates decrease with increasing i because the larger head group areas 

that accompany higher alcohol concentrations allow intrinsically greater decyl chain 

mobility (Tables 3-6 and 3-7). Furthermore, as n and, thus, the number of degrees of 

freedom for chain motion increases, so does ∆d/∆T. The ∆d/∆T for 
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1P10Br•i(CH2OH)2 remain small for i = 0.5 to i = 1.5.  Although we have no 

concrete explanation for this comportment, it may be the result of a balance between 

(1) the disruptive influence of the addition of an alcohol to the ionic regions and (2) 

the ordering influence of forcing two head groups to remain associated in space 

through the covalently-attached hydroxyl groups of an ethylene glycol molecule. 
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Figure 3-21. Dependence of lamellar thicknesses (d) on temperature and methanol 

concentration within the liquid-crystalline phases of (A) 1P10Cl (6.0 wt% (1.0 

equiv., □); 8.0 wt% (1.35 equiv., ○); and 10.0 wt% (1.75 equiv., ∆), and (B) 1P10Br 

(5.5 wt% (1.0 equiv., ■); 8.0 wt% (1.5 equiv., ●); and 10.0 wt% (1.9 equiv., ▲). 

Lines between points are drawn as a visual aid and not based on a physical model. 

Table 3-7. Rates of change of lamellar spacings (d) with temperature (∆d/∆T) 

throughout the SmA2 phases of 1P10X with different concentrations of methanol.  

Sample ∆d/∆T (Å/ºC) Correlation coefficient 
(R) 

1P10Cl•CH3OH  
6.0 wt% (1.0 equiv.) CH3OH 

-0.077 0.98 
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1P10Cl•1.35CH3OH  
8.0 wt% (1.35 equiv.) CH3OH 

-0.038 1.00 

1P10Cl•1.75CH3OH  
10.0 wt% (1.75 equiv.) CH3OH -0.032 0.98 

1P14Cl•CH3OH  
4.5 wt% (1.0 equiv.) CH3OH -0.090 -1.00 

1P10Br•CH3OH  
5.5 wt% (1.0 equiv.) CH3OH 

-0.042 0.97 

1P10Br•1.5CH3OH  
8.0 wt% (1.5 equiv.) CH3OH 

-0.021 0.99 

1P10Br•1.9CH3OH  
10.0 wt% (1.9 equiv.) CH3OH -0.025 0.98 

1P14Br•CH3OH  
4.3 wt% (1.0 equiv.) CH3OH -0.085 -1.00 

 

3.3.5.5 Dependence of lamellar thickness on solute structure. 

The effect of alcohol structure on the lamellar thicknesses within the liquid-

crystalline phases of the 1P10X is presented in Figure 3-22. At comparable 

temperatures, the lamellar thicknesses of the liquid-crystalline 1P10X•H(CH2)jOH 

(j ≤ 5, primary alcohols) phases decrease with increasing j until j = 3, and then 

increase for longer 1-alkanols. The lamellar thickness of 1P10Br•(CH3)3COH is 

much smaller than that of the isomeric 1P10Br•H(CH2)4OH, and is the smallest of 

any of the 1P10X/alcohol species investigated. Also, the d-spacing of 

1P10X•0.5(CH2OH)2 is larger than that of 1P10X•(CH2OH)2. These observations 

are consistent with our hypothesis that the larger the increase of the head-group area 

caused by the presence of an alcohol, the smaller will be the lamellar thickness. 
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Figure 3-22. Changes of lamellar thickness (d) as a function of temperature within 

the liquid-crystalline phases of (A) 1P10Cl and (B) 1P10Br with one equivalent of 

alcohol or one-half equivalent of ethylene glycol (i.e., one equivalent of hydroxyl 

groups).  Lines between points are drawn as a visual aid. 
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3.3.5.6 Phase separation processes followed by OM and XRD.  

Because of the aforementioned phase separations in some samples, TS was 

determined only upon cooling. An example with 1P10Cl•H(CH2)4OH is shown in 

Figure 3-23. In the X-ray diffractograms, the low-angle peak from the liquid-

crystalline phase (corresponding to d ≈ 22.1 Å) gradually disappears as the samples 

are cooled and it is replaced by a new low-angle peak from the solid, corresponding 

to a slightly larger d-spacing (d = 25.6 Å). 

0 10 20 30 40

d= 25.6 Å

d= 25.6 Å
d= 22.3 Å

d= 22.1 Å

-23.5 oC / K+L

-14.2 oC / LC+K+L

-8.7 oC / LC

2θ   

Figure 3-23. Polarized optical micrographs and X-ray diffractograms of 

1P10Cl•H(CH2)4OH (12.8 wt%, 1.0 equiv. H(CH2)4OH) to follow the phase 

transition upon cooling from liquid-crystal (LC) to biphasic (K+L, a phase separation 

between solid (K) of 1P10Cl and liquid (L) of 1-butanol). The gaps between the 

solid patches marked with red arrows are pools of liquid. The micrographs were 

recorded on the same part of the sample throughout.  
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3.3.6 Deuterium Magnetic Resonance (2H NMR). 

From the XRD data presented above, molecules of methanol are associated 

directly with the ionic parts of the 1PnX salts. In addition, dipolar splittings from 2H 

NMR experiments conducted on various neat (partially deuterated) 1PnX30 and in 

the presence of various deuterated solute molecules demonstrate that their smectic 

phases and the solute molecules therein are aligned easily in the strong magnetic 

fields employed (in the present work, ≈ 9.4 Tesla).20c, 20d  The magnitudes of the 

dipolar and the quadruploar splittings from deuterium spectra can provide 

quantitative information about the molecular geometry and orientation of the solute 

molecules.29 For the most part, prior solute structural studies of this sort have relied 

upon lyotropic liquid crystals (i.e., phases comprise of mostly an isotropic liquid and 

a small amount of an ordering species);49,61 our liquid crystals, with added methanol, 

are at the opposite end of the compositional phase diagram. 

NMR spectroscopy and, in particular, quadrupolar interactions, of oriented 

molecules are the main tools employed in this research to discern the phase changes.  

They are supplemented with observations from polarizing optical microscopy that 

provides more precise data about bulk phase transitions (because observations can be 

made continuously over a temperature range), but do not help to define the ordering 

of the phases or solute molecules within them.  For example, if deuterated solute 

molecules in an amphotropic liquid crystal are oriented, additional splitting(s) 
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characterizing dipolar and quadrupolar interactions appear in the 2H NMR spectra of 

solute molecules, instead of a singlet observed in the corresponding isotropic 

spectrum. The coexistence of isotropic and anisotropic phases also can be monitored 

by 2H NMR spectra; commonly, the coexistence of singlet and a quadrupolar doublet 

in a spectrum indicates that the molecules in which the deuterium nuclei exist are in 

two separate environments (possibly an isotropic and an anisotropic one) and that 

they interchange slowly between the two. 

-20 -10 0 10 20

 

B--CD3OD

C--CH3OD

KHz

X 5

5.5 KHz

30.4 KHz

30.6 KHz

5.5 KHz

A--CD3OH

 

Figure 3-24. Vertically offset 2H NMR spectra of aligned 1P10Br with 1.0 

equivalent of (A) CD3OH (6.0 wt%), (B) CD3OD (6.1 wt%) or (C) CH3OD (5.7 

wt%) at 15°C in the liquid-crystalline phase. The region around -15 kHz is expanded 

5-times in intensity. 

3.3.6.1 Identifying quadrupolar splittings from different deuterons of CD3OD. 

The chemically different deuterons within 1P10X•CD3OD were identified by 

recording spectra in which CD3OD was replaced by CD3OH or CH3OD (Figure 3-
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24). At 15 ºC, the –CD3 deuterons in 1P10Br•CD3OD produce a narrow and strong 

quadrupolar doublet (ca. 5 kHz splitting) and the –OD deuteron has a relatively 

broad and weak one (ca. 30 kHz splitting). Minor differences among the 

1P10X•CD3OD and comparison spectra with CH3OD and CD3OH are attributed to 

small differences in the alcohol concentrations introduced during sample 

preparations; the splitting parameters are very sensitive to alcohol concentration. 
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Figure 3-25. 2H NMR spectral data from different concentrations of CD3OD in 

1P10Br at 0 ºC. (A) Vertically offset 2H NMR spectra. The dashed-line enclosed 

region is expanded 10X in intensity to show the weak –OD resonances; other spectra 

have not been expanded for the sake of clarity. (B) Quadrupolar splittings of –CD3 

(■) and –OD (○). Data with 7.0 wt% (1.15 equiv.) CD3OD are due to the coexistence 

of liquid-crystalline 1P10Br•CD3OD (LC) and liquid CD3OD (I; marked with an 

arrow). Lines between points are drawn as a visual aid.  
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3.3.6.2 1P10X with different concentrations of methanol. 

At 0 ºC, the quadrupolar splittings of 1P10Br•iCD3OD decreased as i increased, 

and a centrally-located singlet from deuterium atoms (i.e., methanol molecules not 

associated with 1P10Br head groups) in isotropic environments appeared at 

concentrations above i = 1 (Figure 3-25A).  

The quadrupolar splittings of solid 1P10Cl•0.5CD3OD increased, with growing 

peak intensity and line width, and the center singlet disappeared correspondingly, as 

the sample was cooled from its isotropic phase to 15 ºC (Figure 3-26A).  Upon 

further cooling, peak intensities decreased and line widths broadened further. The 

center singlet confirms the phase separation of methanol molecules and 1P10Cl 

throughout the solid phase temperature range. Several aspects of these spectra, in 

combination with the X-ray diffraction data, indicate that the samples are not just 

bulk-separated.  We conjecture that weak interactions between 1P10Cl and methanol 

molecules surrounding charged head-groups at high temperatures of the solid phase 

may be responsible for the observed quadrupolar splitting and the X-ray diffraction 

patterns of the partially solidified phase (Figures 3-11B and 3-11C).  Also, the 

‘powder patterns’ observed in the NMR spectra as temperature is decreased may be a 

result of methanol molecules that become dispersed within the solid 1P10Cl matrix 

or along interfaces of crystal domains.  If this scenario is correct, these splittings are 
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not related to specific inter-molecular interactions with the ionic head groups of 

1P10Cl molecules.   
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Figure 3-26. 2H NMR stack plots of spectra showing quadrupolar splittings of the -

CD3 deuterons of (A) 1P10Cl•0.5CD3OD (3.5 wt%, 0.5 equiv. of CD3OD), (B) 

1P10Br•0.5CD3OD (3.2 wt%, 0.5 equiv. of CD3OD), (C) 1P10Cl•CD3OD (6.7 

wt%, 1.0 equiv. of CD3OD), (D) 1P10Br•CD3OD (6.2 wt%, 1.0 equiv. of CD3OD), 

(E) 1P10Br•1.5CD3OD (8.9 wt%, 1.5 equiv. of CD3OD), (F) 1P10Br•1.9CD3OD 

(11.1 wt%, 1.9 equiv. of CD3OD), and (G) 1P10Cl•1.75CD3OD (11.1 wt%, 1.75 

equiv. of CD3OD) at various temperatures. The AII plot in C is an expansion of the 

lower field portion of the spectra in AI. The dashed-line enclosed region in E is 

expanded 10X in intensity to show the weak -OD resonances; other spectra have not 

been expanded for the sake of clarity. Spectra were recorded from top to bottom at 5 

ºC increments by cooling from the highest temperatures of the isotropic phase to the 

lowest temperatures of the solid phase, and then to the higher temperatures for E. 

Spectra at some temperatures have been omitted. The arrows show two separate 

protocols (I and II) for temperature change starting at -45 ºC. 
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Figure 3-27. Dependence of 2H NMR quadrupolar splittings of deuterons (-CD3, ● 

and -OD, ■) of (A) 3.2 wt% (0.5 equiv.) of CD3OD and (B) 8.9 wt% (1.5 equiv.) in 

1P10Br on temperature. The transition temperatures of the corresponding 

equivalents of CH3OH in 1P10Br, from optical microscopy, are shown along the X-
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axis. The ordered content (○) is defined as the peak areas of the quadrupolar doublets 

of –CD3 deuterons divided by the sum of the areas of the quadrupolar doublets and 

the central singlet associated with methyl deuterons. Lines between points are drawn 

as a visual aid only.  

The quadrupolar splittings for 1P10Br•0.5CD3OD also increased with decreasing 

temperature between its isotropic phase to ca. 10 °C (where methanol-associated 

salts exhibit liquid crystallinity in discrete domains), and then increased slowly in a 

completely solid phase with further cooling until phase separation occurred (Figures 

3-26 and 3-27). 

The temperature dependence of spectra of 1P10X•iCD3OD (1≤ i <2) was also 

examined (Figures 3-26C to 3-26G). Similar spectra were obtained when samples 

were cooled from the highest temperatures of the isotropic phase or heated from the 

lowest temperatures of the liquid crystalline phase for chloride salts and the 

unseparated solid phase (K2) of the bromide salts (See part II of Figure 3-26C); 

however, once temperature-induced phase separation occurred on cooling, spectra 

were not similar when the sample was warmed to a previously examined temperature 

(See part I of Figure 3-26C). Consequently, Spectra were generally recorded by 

cooling from the highest to the lowest temperatures.  

The quadrupolar splittings of the –CD3 and –OD deuterons for 1P10X•iCD3OD 

(1≤ i <2) increase with decreasing temperature as expected, although the signal of 
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the –OD deuteron is weak (broadened) or undetectable at temperatures slight above 

TS (e.g., 1P10X•CD3OD at ≤ ca. -5 °C) due to decreased motional averaging.62 At 

even lower temperatures for 1P10Cl•iCD3OD, a new central single peak appears as 

the quadrupolar doublet decreases in intensity, broadens, and increases its splitting. 

Based upon the POM (e.g., Figures 3-4A and 3-4B), DSC (e.g., Figure 3-8A), XRD 

(e.g., Figure 3-11B), and TGA evidence (Table 3-4), the singlet at low temperatures 

is a result of separation of 1P10Cl•iCD3OD into a solid (presumably 1P10Cl) and an 

isotropic liquid phase (presumably methanol). The absence of a singlet component in 

the spectra for 1P10Br•iCD3OD below its SmA2→K transition is consistent with the 

conclusions derived from the POM (e.g., Figures 3-4C and 3-4D), DSC (e.g., Figures 

3-8B and 3-8C), XRD (e.g., Figure 3-12B), and TGA data that phase separation does 

not occur in this solid phase. Additionally, the doublets in the solid phase of 

1P10Br•iCD3OD at ≤ -25 °C become much broader (> 300 Hz for the line width of 

the –CD3 doublets) and weaker than in the SmA2 phase, as expected if methanol 

molecules are still entrapped in the ionic head group areas of solid 1P10Br and 

suffer increasingly restricted motion (and very rapid spin-lattice relaxation62). 

Specific association between 1P10Br salts and methanol molecules, like that in the 

liquid-crystalline phase, is retained in the K2 phase. However, phase separation 

between 1P10Br and methanol molecules does occur at the K2 → K1 transition 

(Section 3.3.6.2). 
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The ordered content of methanol molecules is defined here as the ratio between 

the peak areas of the stronger quadrupolar doublet (from the ordered –CD3 groups) 

and the sum of that area and the 75% of the areas of the two, nearly coincident 

central singlets (from isotropic –CD3 and –OD components). The TC values of 

1P10X•iCD3OD, as determined by methanol orientations from 2H NMR 

experiments, are normally lower than those measured by optical microscopy and X-

ray diffractometry (which are based on changes in macroscopic textures resulting 

from the packing arrangements of the salts) (Figures 3-27, 3-29, and 3-30). The 

disparities are especially pronounced for samples with more than one equivalent of 

methanol. The reason for the discrepancy is that disturbances of the orientations of 

the methanol molecules can be detected before changes in the lamellar packing of 

the salts are observed visually or explored instrumentally, as a result of rapidly 

exchanging positions of methanol molecules within the regions of the ionic layer 

planes at temperatures above the TC measured by 2H NMR spectroscopy but below 

the TC measured by X-ray and OM methods. Thus, the magnitude of the discrepancy 

between the TC for the 1P10X•iROH (i ≥ 1) measured by NMR and the other two 

methods increases with increasing m as a result of increasing rates of site exchanges 

by methanol molecules. Because the NMR method senses changes within a phase of 

the 1P10Br matrix that do not involve first-order transitions, we prefer to use the TC 

from OM and X-ray data when ≥ 1.0 equivalent of alcohol is present. 
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Figure 3-28. 2H NMR stack plots of spectra showing quadrupolar splittings of (A) the deuterons of 1P10Br•D2O 

(3.5 wt% (1.0 equiv.) of D2O), and the (B) –CD3 and (C) –CD2 and (D) -OD deuterons of 1P10Cl•C2D5OD (9.3 

wt% (1.0 equiv.) of C2D5OD), and (E) 1P10Br•CH3(CH2)2CD2OH (12.1 wt%, 1.0 equiv. of CH3(CH2)2CD2OH) 

at various temperatures (upon cooling at 5 ºC intervals) and in different phases. The intensities of the C and D 

plots are expanded 7X and 30X with respect to B.  
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Figure 3-29. Changes of ordered contents of –OD or –CD3 deuterons (○; see Section 

3.3.6.2) and 2H NMR quadrupolar splittings of deuterons of 1P10Cl with one equiv. 

of ROH as a function of temperature: (A) 1P10Cl•D2O [3.8 wt% D2O in two 
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environments, ■ and ●], (C) 1P10Cl•CD3OD [6.7 wt% CD3OD; two –CD3 

environments, ▲ and ●; –OD, ■], (C) 1P10Cl•C2D5OD [9.3 wt% CD3CD2OD; -

CD3, ▼; two -CD2 environments, ▲ and ●; –OD, ■], (D) 1P10Cl•CH3CH2CD2OH 

[10.9 wt% CH3CH2CD2OH; -CD2, ■], (E) 1P10Cl•CH3(CH2)2CD2OH [13.1 wt% 

CH3(CH2)2CD2OH, -CD2, ■]. The transition temperatures of the corresponding 

undeuterated 1P10Cl•ROH noted along the X-axis are from POM. Lines between 

points are drawn as a visual aid and are not based on a physical model. 
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Figure 3-30. Changes of ordered contents of –OD or –CD3 deuterons (○; see Section 

3.3.6.2) and 2H NMR quadrupolar splittings of deuterons of (A) 3.5 wt% (1.0 equiv.) 

D2O (■), (B) 6.2 wt% (1.0 equiv.) CD3OD (–CD3, ▼; –OD, ■), (C) 8.6 wt% (1.0 

equiv.) CD3CD2OD (two –CD3 environments, ▼ and ▲; two –CD2 environments, ♦ 

and ●; –OD, ■), (D) 10.1 wt% (1.0 equiv.) CH3CH2CD2OH (–CD2, ■), and (E) 12.1 

wt% (1.0 equiv.) of CH3CH2CH2CD2OH (–CD2, ■) in 1P10Br as a function of 

temperature. The transition temperatures of the corresponding undeuterated 

1P10Br•ROH noted along the X-axis are from POM. Lines between points are 

drawn as a visual aid and are not based on a physical model. 

3.3.6.3 1P10X with one equivalent of water or primary alcohols. 

The spectra in the isotropic phases of the 1P10X media with a rapidly reorienting 

deuterated solute consist of singlets. As temperature is lowered and approaches TC, 

the central singlet becomes smaller and one or more quadrupolar doublets, 

depending on the number of chemically inequivalent deuterons and the orientations 

of the individual chemically equivalent deuterons (e.g., the –CD3 deuterons of 
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1P10Cl•CD3OD in Figure 3-26C and the -CD2 deuterons of 1P10Cl•C2D5OD in 

Figure 3-28C), appear. The appearance of the doublets coincides with the TC 

measured by OM (Figures 3-6) and XRD (Figures 3-11D, 3-12B, 3-14C, 3-15 and 3-

16). For the primary alcohols explored here at one temperature, the magnitudes of 

the quadrupolar splittings increase but the intensities of their peaks decrease in the 

order, –CD3 to –CD2 to –OD (Figure 3-28). 

In most 1P10X•ROH samples, a new central single peak appears at still lower 

temperatures in the spectra while the quadrupolar doublets broaden and fade away. 

The singlet is a result of separation of the 1P10X•ROH into a solid phase (the 

1P10X salt) and an isotropic liquid phase (the alcohol). By contrast, 

1P10Br•C2D5OD, just like 1P10Br•iCD3OD (i < 2), remains monophasic 

throughout the cooling from its SmA2 phase to below TS (Figure 3-12); the ethanol 

molecules remain associated with the cationic and anionic groups in the ionic planes 

of 1P10Br. 

3.3.6.4 Different orientations of deuterons. 

The presence of two quadrupolar doublets of very different intensities for the 

chemically equivalent deuterons in the spectra of the liquid-crystalline phases of 

1P10Cl•CD3OD and 1P10X•C2D5OD (Figures 3-26C, 3-28C, and 3-30C) indicate 

that the alcohol molecules interconvert slowly between two distinctly different 

chemical environments (Figure 3-31). An interesting question arising from these 
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observations, “Are the smectic phases completely homogeneous?”, cannot be 

answered definitively with the available data because the minor doublet may be a 

consequence of either kinetic or thermodynamic factors. The kinetic attribution is 

less likely because the samples were annealed for long periods before commencing 

measurements and the two doublets are present at common temperatures approached 

by both cooling and heating. The intermolecular interactions with hydroxyl groups 

are stronger and the ionic head group areas are smaller for chloride anions than for 

bromide ions. Both factors should allow the small alkyl groups of methanol and 

ethanol to orient within the ionic parts of 1P10Cl layers better than within 1P10Br 

layers.  Consistent with the X-ray data in Figure 3-22 and the 2H NMR data (Figures 

3-29 and 3-30), the alkyl groups of longer homologues, such as 1-propanol and 1-

butanol, appear to arrange themselves more parallel to the n-decyl chains of both 

1P10X. 

CH3
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D3C

Cl

CH3
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D
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Cl

A B  
Figure 3-31. Two of the possible exchanging orientations for CD3OD molecules at 

the head group region of 1P10Cl in the SmA2 phase of 1P10Cl•CD3OD. 
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3.3.6.5 Order parameters. 
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The quadrupolar splitting (∆) of any given deuteron in the medium of a liquid 

crystalline phase can be related to the degree of orientation of its X-D bond (where X 

= C or O) with respect to the applied magnetic field direction, SXD, by eq 3-1 (in 

which (e2qQ/h) is the deuteron quadrupolar coupling constant along the X-D bond, 

eQ is the electric quadrupole moment of a deuteron, and eq is the electric field 

gradient experienced by the deuteron).29 The quadrupolar coupling constants of 

deuterons are 223 kHz for water,63 and 155 kHz for the methyl group of methanol 

(31 °C),29b 183 kHz for the methyl group and 177 kHz for the methylene group of 

ethanol (20-41 °C),64 and 170 kHz for the α-methylene groups of 1-propanol and 1-

butanol.65 These constants vary slightly with temperature and are assumed to be 

constant throughout the temperature ranges explored here. The order parameter of 

the methyl group along its 3-fold symmetry axis, SC3, can be calculated from the 

coupling constants and eq 3-2 (where β is the angle between a C-D bond and the C3-

axis, slightly fluctuating around 70°, depending on the mesomorphic properties of 

the host). 29 
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The orientation factors, SCD, SOD, and SC3 (excluding SOD of alcohols due to the 

low intensity and very large line width of the quadrupolar splittings) for the smectic 

phases of the investigated samples are summarized in Table 3-8. The negative sign 

of SC3 reveals a negative diamagnetic susceptibility anisotropy29,66 of these liquid 

crystals (i.e., the liquid crystal director orients perpendicular to the external applied 

magnetic field67). We attribute the somewhat larger SCD and SC3 values for 

1PnCl•ROH than for 1PnBr•ROH to the combination of strong interactions by 

chloride salts with solute molecules and the smaller size of the chloride anion 

(Figure 3-31). Also, within the same temperature range and phase for a series of 

1P10X•ROH, several interesting other trends are noted: (1) SCD of α-CD2 groups 

increase with increasing length of alkyl chains for primary alcohols; (2) the SC3 and 

SCD of methyl groups in ethanol are smaller than those of methanol; (3) order 

parameters for the deuterons of solutes decrease with increasing temperature; (4) 

order parameters for methanol decrease as its concentration is increased; (5) the 

degree of orientations for methanol decreases with increasing length of long alkyl 

chains of salts. In all cases, the order parameters of alcohols in the SmA2 phases both 

1PnX are much lower, ~10-2, than in typical, uncharged, thermotropic liquid-

crystals.68  

In general, the forementioned trends for order parameters of solutes based upon 

changes of five variables (i.e., temperature, solute type and concentration, long alkyl 
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chain length and type of anion) are consistent with that of the disorder degree of 

lamellae for the complex system of salts and solutes. Although the more disordered 

lamellar structure supposedly leads to weaker alignments of solute molecules, it will 

generally bring a lower and narrower temperature range of the resulting mesophase, 

which seems unfavorable for their use as media in structural studies. For purposes of 

decreasing order parameters as low as possible with a non-zero value, more than one 

variables are normally employed together also for an appropriate mesophase 

temperature range; changing one of these (such as solute type and concentration) can 

remarkably affect the onset and range of temperatures of the mesophases. 

-45 -30 -15 0 15 30 45 60

1.6

2.0

2.4

2.8

3.2

3.6
n = 10

S C
D
 (x

 1
0-2

)

Temperature (oC)

0.15

0.5
1.0

1.51.9

1.0

1.75

1.01.0n = 14

open symbols for Cl
solid symbols for Br

 
Figure 3-32. Changes of order parameters (SCD) of CD3 deuterons of 1PnX with 

different concentrations of CD3OD as a function of temperature within LC phases 

(equivalents noted in parentheses). 1P10Cl: □ (1.0), ○ (1.75). 1P10Br: ■ (0.15), ▲ 

(0.5), ● (1.0),  (1.5),  (1.9). 1P14Cl: ∆ (1.0). 1P14Br:  (1.0). 



 

 

Table 3-8. Molecular orientation parameters of solute molecules in the smectic phases of the salts. 

-CD2 or -OD (only for water)  -CD3 

Sample  T range 

(°C) 
∆ (kHz) 

SCD or SOD 

(× 10-2) 
 

T range 

(°C) 
∆ (kHz) 

SCD 

(× 10-2) 

SC3 

(× -10-2) 

1P10Cl•D2O 25 – 0 3.8 – 7.9 1.1 – 2.4      

1P10Cl•CD3OD     20 – -25 5.4 – 7.8 2.3 – 3.4 7.0 – 11.0 

     15 – -20 7.0 – 12.0 3.0 – 5.2 9.3 – 16.0 

1P10Cl•C2D5OD 15 – -15 5.1 – 9.8 1.9 – 3.7  15 – -20 2.8 – 4.0 1.0 – 1.5 3.1 – 4.6 

 15 – -20 13.2 – 17.9 5.0 – 6.7      

1P10Cl•H(CH2)2CD2OH 

 

10 – -15 15.1 – 19.0 5.9 – 7.5      

1P10Cl•H(CH2)3CD2OH 15 – -10 16.7 – 22.1 6.5 – 8.7      

1P14Cl•CD3OD     55 – 50 3.9 – 4.2 1.7 – 1.8 3.9 – 4.1 

1P10Br•D2O 50 – -5 2.7 – 8.1 8.1 – 2.4      

1P10Br•0.5CD3OD     45 − 10 4.9 − 5.9 2.1 – 2.5 6.5 – 7.7 

1P10Br•CD3OD     30 − -20 4.8 – 6.4 2.1 – 2.8 6.5 – 8.6 

1P10Br•1.5CD3OD     -5 – -25 5.2 – 6.3 2.3 – 2.7 7.0 – 8.3 

1P10Br•C2D5OD 30 – -25 11.7 – 16.1 4.4 – 6.1  30 – -25 2.5 – 3.5 0.9 – 1.3 2.8 – 4.0 

 -10 – -25 21.8 – 22.5 8.2 – 8.5  -10 – -25 7.2 – 7.3 2.6 – 2.7 8.0 – 8.3 

1P10Br•H(CH2)2CD2O
H

 

25 – -25 13.8 – 20.0 5.4 – 7.8      

1P10Br•H(CH2)3CD2O
H

 25 – -5 15.8 – 21.0 6.2 – 8.2      

1P10Br•CD3OD      60 – 40 3.7 – 4.4 1.6 – 1.9 3.6 – 4.3 
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3.3.7 Solute structural studies using amphotropic LCs as oriented media by NMR 

spectroscopy. 

As data shown above, these phosphonium salts have low order parameters and 

their amphotropic smectic phases exist at or near room temperatures over fairly wide 

temperature ranges for the most part. In such media, the residual quadrupolar 

couplings from protons or 13C atoms are smaller than the chemical shift differences 

and easily interpretable spectra can be obtained at convenient operating temperatures. 

The potential of their amphotropic liquid crystals as aligning media for 3D structural 

determinations of organic molecules by NMR spectroscopy are also explored here to 

assess the molecular design criteria for maximizing the effectiveness of the 1PnX 

salts for this purpose. The studies in this Section were accomplished together with Dr. 

Astghik A. Shahkhatuni 27b,30 in our lab.  

3.3.7.1 Considerations on choices of 1PnX salts as a medium base. 

The salts with n = 14 are preferred to n = 10 and n = 18 salts as a base to induce 

amphotropism for structural studies by NMR spectroscopy here. The order 

parameters of their amphotropic liquid crystals decrease with increasing length of 

long alkyl chains of salts based upon the clear trend for methanol as solute (Figure 3-

32). But the quite poor ability of 1P18X salts to induce amphotropism by addition of 

solutes is obviously not favorable. Although clearing temperatures of the neat 

compounds generally increase as the alkyl chain length increases (Figure 2-10B), it 
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is noted in Figure 3-33 that not only the onset and clearing temperatures of the 

resulting liquid-crystalline phase but also the quadrupolar splittings of the deuterated 

methyl group of [H(CH2)14]3P+CD3 X¯ (1DP14X, X¯ = I¯ or NO3¯) (and, therefore, 

order parameters) considerably decease when one equivalent of methanol or 1-

butanol is added, respectively. 
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Figure 3-33. Temperature dependence of quadrupolar splittings of -CD3 deuterons 

on phosphorus of neat salts (1DP14I (○) and 1DP14NO3
 (□)) and solute-salt 

mixtures (1DP14I•CD3OD (●) and 1DP14NO3•CH3(CH2)3OH (■)). 

The structures and electronic properties of the anions have a large influence on 

the ability of 1PnX salts to form liquid-crystalline phases. Figure 3-34A presents the 

mesophase transition temperatures for 1P14X•CD3OD with NO3¯ (1.79 Å), Cl¯ (1.81 

Å), Br¯ (1.96 Å), I¯ (2.20 Å), BF4¯ (2.2 Å), PF6¯ (2.95 Å), and Tf2N¯ as the anions; 
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reported crystal radii42 are in parentheses.  Those with larger crystal radii, such as 

Tf2N¯ and PF6¯, appear less amenable to formation of liquid-crystalline phases, even 

upon addition of a solute. The dependence of quadrupolar splittings of methyl group 

deuterons on the anion at the one temperature is shown in Figure 3-34B. As can be 

seen the anionic crystal radii do not correlate clearly with the liquid-crystalline 

ranges, onset temperatures, clearing temperatures, or quadrupolar splittings. These 

data are suggestive of a trend in which there may be optimal anion sizes and that the 

order parameters may decrease as the halides become larger, but there are too few 

examples to make definitive statements at this time. The NO3¯ anion is still 

‘abnormal’ here just as discussed in Section 2.3.3.3 for the mesomorphism formation 

of all 1PnNO3 homologues.  Systems with NO3¯ and BF4¯ have smaller order 

parameters compared to those of salts with the other anions investigated. Among the 

three halides, the systems with Cl¯ exhibit the narrowest LC phase ranges and 

highest degrees of orientation; they are, therefore, the least interesting as hosts for 

solute structure determinations by NMR. 

2P14OHBr, with a hydroxylmethylene group covalently attached to the methyl 

of 1P14Br, is known to exhibit a broad LC phase (Figure 2-15B).27a  In a sense, it 

already contains one equivalent of hydroxyl “solute”, albeit covalently attached.  

Thus, samples with up to one equivalent of acetonitrile-d3 (Figure 3-35A) were 

investigated. In this case, the systems behave as though solute is being added to 
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1P14Br•CH3OH and only a biphasic state is observed when one equivalent of 

acetonitrile was added; a mesophase over a very narrow temperature range was 

detected in the presence of one equivalent of methanol (Figure 3-17B). The 

quadrupolar splittings of the deuterons of solutes decreased as well when its 

concentration was increased. As in case of the other systems investigated, the 

temperature dependence on the quadrupolar splittings of CD3CN in 2P14OHBr is 

anomalous (Figure 3-35B). 
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Figure 3-34. (A) Phase ranges and transition temperatures for 1P14X•CD3OD 

systems with different anions from 2H NMR spectroscopy. (B) Quadrupolar 

splittings of methyl group deuterons of methanol-d4 at T = 10 °C for 1P10X•CD3OD 

(▲) and at T = 50 °C for 1P14X•CD3OD (●).  
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Figure 3-35. 2P14OHBr with various concentrations of added acetonitrile-d3. (A) 

Transition temperatures for the LC phases from 2H NMR spectroscopy (and optical 

microscopy for the data with no acetonitrile). (B) Temperature dependence of 

quadrupolar splittings at  (0.18),  (0.35), ▲ (0.55),  (0.7) equivalents.  

3.3.7.2 Considerations on choices of organic solutes for amphotropism. 

The structure and concentration of a solute is known to have a dramatic influence 

on the formation and properties of the amphotropic liquid-crystalline phases of the 

1PnX salts (Figures 3-6 and 3-7). As mentioned earlier, at least one molar equivalent 

of methanol or other alcohol is needed to convert a non-mesomorphic 1PnX salt 

completely into a mesophase. For this reason, all studies in Figure 3-36 were 

conducted on salts that contained one molar equivalent of added solute. Our choice 

of added solutes other than alcohols was based on several considerations, including: 

the data in hand concerning the loss or creation of liquid-crystalline phases by 
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solutes; the abilities of solutes to act as solvents for a wide range of other organic 

compounds; the perceived requisites of possible future applications.  
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Figure 3-36. Mesophase temperature ranges for 1PnX with one molar equivalent of 

various deuterated solutes as determined by 2H NMR spectroscopy. The grey regions 

of the bars represent liquid-crystalline temperature ranges and the cross-hatched 

regions mark the biphasic temperature regimes.  Solids (or phase separated solids 

and isotropic liquids) are below the bars and isotropic regions are above them. The 

unfilled rectangles mark the liquid-to-crystal phase transition temperature range. 

In some cases, such as with 1P10NO3•DMSO and 1P14Tf2•DMSO, addition of 

one equivalent of a solute did not induce liquid crystallinity and only solid-isotropic 

phase transitions were detected by optical microscopy and NMR.  However, the 

coexistence of isotropic and liquid-crystalline phases was detected at some 
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temperatures for several of the 1PnX salts to which a solute had been added. 

Regardless of the heating, cooling or mixing protocols employed, none of these 

samples formed a complete liquid-crystalline phase (as indicated by the presence of a 

central singlet peak between the ordered doublet in each of the 2H NMR spectra) 

before phase separating to a solid and a liquid upon cooling or before reaching a 

totally isotropic state on heating (Figure 3-36).  Even when only one-half of a molar 

equivalent of DMSO was added to 1P10NO3, only biphasic behavior was found.   

However, 1P14NO3•CD3CN seems to be a promising medium for structural 

determination of additional solute structures because it exhibits a liquid-crystalline 

phase in a convenient temperature range, 25-40 °C, and the 2H NMR spectra have 

small quadrupolar splittings with narrow lines. The data included in Table 3-9 

provide quantitative comparisons of salts with added acetonitrile and with methanol.  

The quadrupolar splittings (and, therefore, order parameters) with the former solute 

are lower. 

These comparisons are not as simple as they appear because the magnitudes of 

the quadrupolar splittings of the two solutes exhibit different dependencies on 

temperature: the splittings of methanol decrease with increasing temperature and 

those of acetonitrile increase with increasing temperature (Figure 3-37). Because the 

same, unexpected dependence of the quadrupolar splitting on temperature is 

observed for 1P14BF4•CD3CN, 1P14NO3•CD3CN, 1P18Br•CD3CN and 
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2P14OHBr with various concentrations of CD3CN (Figure 3-34), it is clear that the 

behavior of acetonitrile, itself, is responsible rather than a specific salt.  

Table 3-9. Dependence of quadrupolar splitting and order parameters of methyl 

group deuterons on added perdeuterated methanol and acetonitrile for 1P14NO3 and 

1P18NO3 (1 equivalent of solute) and 2P14OHBr (0.2 equivalent of solute).  

methanol acetonitrile 
salt T (°C) 

 

∆ (kHz) SCD 
 

∆ (kHz) SCD 

1P14NO3 25  4.3 0.019  1.0 0.004 

1P18NO3 60  3.2 0.014  1.2 0.005 

2P14OHBr 50  4.8 0.021  1.5 0.007 
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Figure 3-37. Temperature dependence of quadrupolar splittings of methyl group 

deuterons of solutes in 2P14OHBr•CD3OD (▲), 1P14X•CD3OD for X = Cl¯ ( ), 

Br¯ ( ), I¯ ( ), BF4¯ ( ), NO3¯ ( ) and for 1P14NO3•CD3CN ( ).  
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Of the organic solutes examined in this study (Figure 3-36), methanol seems 

most able to induce or widen the range of liquid crystallinity in the 1PnX salts.  

However, the existence of two orientations for its methyl groups within the liquid 

crystal (e.g., 1P10Cl•CD3OD in Figure 3-26C) and the relatively high degree of 

ordering of the liquid-crystalline phases (Tables 3-8 and 3-9) compromise some of 

its potential applications (N. B., molecular structure determinations using residual 

dipolar couplings).  

However, polar, non-hydroxylic solutes such as acetonitrile seem better able to 

perturb the ordering of the salt matrices. We conjecture that they are located, on 

average, farther from the ionic head group regions of the smectic bilayers than 

hydroxylic solutes such as methanol.  Methanol is known to interact strongly with 

the positively charged phosphorus atom and the anion within the head group regions, 

and it is assumed to be localized there in two specific orientations. Similar 

interactions appear to occur between the head groups and higher alkanol 

homologues, at least up to 1-butanol. The hydrophobic tails of still longer alcohols 

result in a stabilization of the lipophilic chain ordering and near or complete loss of 

liquid crystallinity. 

3.3.7.3 Structural studies using acetonitrile as a model molecule. 

One of the major objectives of this research is to explore the best approach to 

make mPnYX systems that are suitable for structural studies of solute molecules. 
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Thus, the more promising salts were investigated further to reveal additional 

characteristics that will lead to weakly aligned solute molecules in the easily oriented 

liquid-crystalline phases.  One approach is to add small model molecules, such as 

acetonitrile, methyl iodide, benzene, etc. and to track the degree of order and 

homogeneity of the resultant phase.  In addition to the splitting parameters, another 

important consideration in determining the utility of the phases is the resolution (line 

widths) of the signals from the solutes.  Both of these will be affected by possible 

solute-solvent interactions and where within an anisotropic medium (such as the 

liquid crystal phases of the mPnYX salts) the solutes reside preferentially.  Each 

solute is expected to have different interactions with its host and reside at a 

somewhat different average location within it. 

For practical reasons, acetonitrile was chosen as a model molecule for our 

studies—it is inert within the salt matrices, highly soluble in them, has a simple 

NMR spectrum, and can be obtained in various isotropically labeled forms at 

reasonable cost. The 1P14X were selected as the host matrices because the studies 

described above indicate that they are the most promising of the 1PnX homologues 

investigated.  Thus, 1P14X and one equivalent of a deuterated solute constituted the 

basic systems to which another probe, 1-2 wt% of 2-13C enriched acetonitrile, was 

added.  The phase properties of the systems were characterized again with the added 

acetonitrile, and phase diagrams and quadrupolar splittings of methyl group 



167 

deuterons in solutes were affected only slightly (especially in the case of methanol-

d4) by addition of the acetonitrile. 
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Figure 3-38. |DHH| absolute values of dipolar couplings of 13CH3CN in 

1P14A•CD3OD systems with various anions at temperature T = 50°C. 

No obvious correlation between the quadrupolar couplings of methanol-d4 in 2H-

spectra and 13C-1H dipolar couplings of the acetonitrile in 1H-spectra in the 

1P14X•CD3OD was apparent at first sight (Figure 3-38). However, an inverse 

proportionality can be discerned: the smaller are the quadrupolar splittings of 

methanol, the larger are the dipolar couplings of acetonitrile.  That dependence is 

shown in terms of order parameters SC3 that are derived from eq 3-2 for methanol 

and are calculated from eqs 3-3 and 3-4 (in which rCH (1.107 Å)69 is the C-H bond 

distance, rHH is the spacial distance between two hydrogen atoms, DHH is the H-H 

dipolar coupling constant, and ∠HCH is the dihedral angle of the methyl group.) for 
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acetonitrile in Figure 3-39.29  The result with iodide as the anion does not appear to 

fit as well as the data with the other anions.  At least in part, it may be a consequence 

of modulated head-group interactions caused by deuterium atoms in the salt, 

{[H(CH2)14]3P+CD3 I¯}•CD3OD, that was used. We conjecture that the inverse 

relationship is related to the difference between the polarities of acetonitrile and 

methanol and the ability of methanol to be a donor and acceptor of H-bonds, 

although we lack experimental data at this time to discern more deeply the cause(s).  

Also, the overall dependence may be a result of different locations of the molecules 

in the liquid crystalline phases, different interactions of either methanol or 

acetonitrile molecules with the phosphonium head groups of the salts.  Additional 

studies will be needed to ferret out the specific reasons for these observations. 

HHHH
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Depending on the specific salt matrix, the dipolar couplings and orientation of 

the probe molecule can differ by several fold (Figure 3-40) and the lines can be only 

a few Hz in width (N. B., 1P14NO3•CD3CN and 1P14BF4•CD3OD). In these cases, 

very precise calculations of dipolar couplings and structural parameters are possible.  

Unfortunately, line widths in the other systems investigated, 7-17 Hz, are not as 

narrow.  
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Figure 3-39. Order parameters SC3 of methanol-d4 and acetonitrile in the liquid-

crystalline phases of 1P14X•CD3OD systems in the presence of 13CH3CN at 50 °C. 

 

Figure 3-40. 1H spectra of 13CH3CN in 1P14NO3•CD3CN (top left) and in 

1P14BF4•CD3OD (bottom left), 2H spectra of CD3CN in 1P14NO3•CD3CN (top 

right) and CD3OD in 1P14BF4•CD3OD (bottom right) (the deuteron signals of the -

OD group are not shown) at 25 °C and 35 °C, respectively. 
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The dipolar couplings also depend on the order parameter, and they have a 

major influence on the width of the signals at half-height. The width at half-height of 

the unresolved multiplets decreases proportionally to the reduction in the degree of 

orientation for the 1P14X•CD3OD systems, and the narrowest lines are achieved for 

1P14NO3•CD3CN, as expected (Figure 3-41). In addition, the lines in 1H spectra of 

13CH3CN when doped into 1P14NO3•CD3CN are the most narrow.  Alternatively, 

the improvement of the homogeneity of the systems with lower degrees of order can 

be assessed from the fine structure that appears in the multiplets in 2H spectra of 

solutes as they become better resolved. 
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Figure 3-41. Dependence of width at half-height of multiplets in 2H spectra of 

solutes in 1P14X•CD3OD ( ) at 50 °C and for 1P14NO3•CD3CN (▲) at 40 °C 

from SCD, the order parameter along the CD bonds.  
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The ratio of dipolar couplings DCH and DHH, which are determined by the 

∠HCH dihedral angle in the methyl group of acetonitrile (eq 3-5, where γC and γH 

are the gyromagnetic ratios of the interacting carbon and hydrogen nuclei, and DCH is 

the C-H dipolar coupling constant.), should be almost independent of the host 

matrix.29  However, deviations of the angle can be observed in orienting media, such 

as those in the 1PnX salts, where solvent effects on structural parameters calculated 

from dipolar couplings are important.70 The DCH/DHH ratio for acetonitrile in the 

1PnX•CD3OD systems were 0.71 – 0.72 for X = Cl¯, Br¯, I¯, and BF4¯, and 0.73 for 

NO3¯, over a range of temperatures  These ratios are slightly higher than the values 

obtained by other methods—0.69 was calculated in gas state and 0.70 in water.71 The 

largest values, from 0.75 to 0.77, were found for the 1P14NO3•CD3CN matrix over 

only a 10 degree temperature range (Figure 3-42). Such strong dependence on 

temperature does not seem physically reasonable if all of the acetonitrile molecules 

are in one environment.  We suspect that the large ratios and high temperature 

dependence are a result of acetonitrile molecules in two different orientations (with 

respect to the direction of the external magnetic field) that exchange rapidly. The 

change in temperature can lead to a redistribution of molecules between these two 

states, and, thus, to different averaged values of the dipolar couplings.72 
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Figure 3-42. Dependence of the ratio of dipolar couplings (DCH/DHH) representing 

the ∠HCH methyl angle of 13C-acetonitrile as a function of temperature in the liquid-

crystalline phases of 1P14NO3•CD3CN ( ), 1P14X•CD3OD (where A= I¯ ( ), Br¯ 

( ), Cl¯ (▲), NO3¯ ( ), BF4¯ ( )), and 2P14OHBr•CD3OD ( ). 

3.3.7.4 Weak alignment. 

Of the systems investigated here, the smallest order parameters were observed in 

1P14NO3•CD3CN.  Figure 3-43 and Table 3-10 present the spectra and order 

parameters for 13C-enriched acetonitrile in various media for comparison purposes.  

The scale differences in the spectra and differences in the orders of dipolar couplings 

and order parameters are striking. The absence of alignment in isotropic solutions, 

strong alignment in thermotropics, weak alignment in micellar systems and gels, and 

mid-range alignment in the liquid crystals investigated here can be easily 
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differentiated. The values of the order parameters for the amphotropic 1PnX liquid 

crystals, ca. 0.01, lie between the strongly aligning and weakly aligning regimes. The 

order parameters from salts employing methanol as the solute are larger than from 

the 1P14NO3•CD3CN system. 

5000    4000     3000     2000     1000        0       -1000     -2000    -3000    -4000    -5000  Hz

500                                          0                                         -500  Hz

50                               0                 -50            Hz

50                              0                   -50            Hz

5000    4000     3000     2000     1000        0       -1000     -2000    -3000    -4000    -5000  Hz

500                                          0                                         -500  Hz

50                               0                 -50            Hz

50                              0                   -50            Hz

  

Figure 3-43. 1H spectra of 1-2 wt% of 13CH3CN in various media (from top to 

bottom): D2O, 7 wt % CTAB/hexanol (1/1.33) and 20 mM NaBr in D2O, 

1P14NO3•CD3CN, and EBBA.  
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Table 3-10. Dipolar couplings of methyl group and orientation parameters of 
13CH3CN in various solvents. 

solvent type of phase 
dipolar coupling 

(Hz) 

order parameter 

SC3 

type of 

orientation 

D2O Isotropic 0 0 none 

7 wt % CTAB 
/hexanol 
(1/1.33) in D2O 

Lyotropic <10 <0.001 weak 

1P14NO3•CD3CN Amphotropic ≈100 ~0.01 intermediate 

EBBA Thermotropic ≥1000 ≥0.1 strong 

 

3.4 Summary Discussion and Conclusions  

The six tri-alkylmethylphosphonium halides investigated here have high clearing 

temperatures, and only two bromides of them form a high and narrow temperature 

range of thermotropic liquid-crystalline phase when neat. However, addition of one 

equivalent or more of one of several simple alcohols or water (corresponding to a 

very a low weight %) or one-half molar equivalent of ethylene glycol (i.e., 

corresponding to one molar equivalent of hydroxyl groups) induces liquid 

crystallinity in the form of smectic A2 phases for some salts which are not 

mesomorphic, and alters the temperature ranges for those which are intrinsically 

liquid crystalline; liquid crystallinity and lower melting temperatures are favored by 

shorter n chains. Mixtures of crystalline and liquid-crystalline materials are observed 
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when solutes with less than one equivalent of hydroxyl groups are added to a 1P10X. 

At the other extreme, a mesophase can be maintained when nearly four molar 

equivalents of methanol (or two of the diol, ethylene glycol) are added to the salts. 

Data from 2H NMR spectra of deuterated alcohols added to the salts and X-ray 

diffractograms indicate that mesophase induction is a result of ‘molecular 

lubrication’ in a cause-and-effect relationship: at the ionic planes of the crystalline 

1P10X, the strong and specific P+ X− electronic interactions materials are 

sufficiently attenuated to allow some fluidity; that, in addition to increase in the 

headgroup areas caused by the presence of the hydroxyl groups, allows the long 

alkyl chains to adopt additional gauche bends; chain bending reduces the bilayer 

thicknesses. 

The mesophase onset temperatures and temperature ranges can be ‘tuned’ by 

changing the structure of the added alcohol or its concentration. Both variables affect 

the area projected by the P+ X− head-group onto a layer plane. Thus, the values of TC 

and TS are inversely proportional to the extent to which an alcohol enlarges the head-

group area (as discerned from X-ray diffraction measurements) and not only the van 

der Waals volume of the alcohol, itself.  Shape as well as size matters: at one 

equivalent of H(CH2)jOH, the influence of alkyl group enlargement on the induction 

of liquid crystallinity (and decreases in layer thicknesses) increases as j changes 

from 0 to 3 and then decreases as n increases further; for the isomeric butyl alcohols, 



176 

the order is primary > secondary > tertiary. We hypothesize that the lipophilic parts 

of the larger alcohols enter the regions occupied by the long alkyl chains of the salts 

and, thereby, make more difficult the gauche bends that are responsible for the 

decreased lamellar thicknesses of the SmA2 phases with the smaller alkanols. 

Large differences in the magnitudes of these effects are found between the 

phosphonium salts with chloride and bromide as the counter ion.  Unlike the salts 

with smaller and harder chloride, those with the larger and softer bromide anion are 

able to sustain liquid crystallinity in the presence of one equivalent of some 

secondary or tertiary alcohols.  Also, all of the 1P10Cl•ROH complexes 

investigated became phase-separated at the SmA2 → K2 phase transitions (on 

cooling); 1P10Br•iCH3OH (1≤ i <2) and 1P10Br•C2H5OH remained one phase at 

their SmA2 → K2 transitions, but they underwent phase-separation at their still lower 

temperature K2 → K1 transitions. 

2H NMR experiments indicate that molecules of methanol in 1P10Cl and ethanol 

in both 1P10Cl and 1P10Br are situated in two distinct chemical environments in 

the liquid-crystalline phases. In addition, the order parameters derived for the alcohol 

molecules are very low (ca. 10-2) when compared to other liquid crystals that are 

based on organic molecules. This result suggests that the 1PnX salts may be much 

more useful than ‘normal’ oriented thermotropic liquid crystals comprised of rod-

like molecules for investigating molecular structures by NMR spectroscopy.68  
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The salts with three tetradecyl chains are found generally to have broader liquid-

crystalline temperature ranges in the presence of solutes. The orienting properties of 

phosphonium salts with various anions (I¯, Cl¯, Br¯, NO3¯, BF4¯, PF6¯, and 

(CF3SO2)2N¯) have been investigated in the presence of several solutes (CD3OD, 

CDCl3, DMSO, CD3CN, butanol-d6) as a means to determine the structural factors of 

the salts and solutes that lead to liquid-crystalline phases, especially those that can be 

oriented in magnetic fields and have low ordering parameters. Empirically, salts with 

NO3¯ and BF4¯ anions have the lowest and those with Cl¯ and Br¯ have the highest 

order parameters. Methanol is able to enhance or induce liquid-crystalline phases 

when added to most of the salts examined. Of the solutes investigated, acetonitrile 

has the lowest orientation factors, although the systems may be complicated by the 

coexistence of more than one molecular orientation. 

Overall, the most critical variables in determining the phase properties appear to 

be the solute structure and its concentration.  By variation of the concentration of the 

solute and the alkyl chain length of a phosphonium salt, it is possible to make a 

liquid-crystal host at temperatures ranging from well above to well below room 

temperature. This wide range of tenability for mesomorphism of these phosphonium 

salts upon addition of a small amount of an organic liquid is rare; most lyotropic 

systems are aqueous-based and tend to solidify below ca. -10 °C. Based upon the 

results presented here, there is ample opportunity for additional studies, examining 
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the influence of other solutes on the temperature ranges and order parameters of the 

mesophases of these phosphonium salts.  

Here, the lowest order parameter achieved in the amphotropic liquid crystals is 

slightly less than 10-2.  This value is an order of magnitude lower than in strongly 

orienting thermotropic liquid crystals, but an order higher than in the weakly 

aligning systems which have been used in structural studies by NMR. Regardless, 

the amphotropic liquid crystals based on our phosphonium salts fill an important gap 

between the two sets of systems that yield the ordering extremes and the electrostatic 

and structural properties of the salts open new possibilities for applications in NMR 

and other fields.  

For example, precise determination of molecular structures by NMR 

spectroscopy requires the calculation of both isotropic and anisotropic parameters 

under the same sample conditions. The coexistence of isotropic and oriented phases 

of the 1PnX systems over large temperature ranges is an obvious advantage in this 

regard—both indirect spin-spin couplings and dipolar and quadrupolar couplings can 

be calculated from NMR spectra recorded in one sample at the same conditions.   

In this regard, we note that even if the very low order parameters in some 

systems (for example, 1P14NO3•CD3CN) are a result of an assumption which may 

not be correct—that  the solute molecules reside in one environment only and have 
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one order parameter—these amphotropic systems are promising as hosts for NMR 

structural studies. 

More difficult synthetically, but important scientifically, would be an extension 

of these studies to 1PnX salts in which n is an odd number.  It should be possible to 

synthesize more easily phosphonium salts which are amenable to investigation as 

surfactant assemblies, and several candidates are in hand.39 However, we intend to 

focus on applications that are possible in the areas of material science (e.g., making 

thin layers of the oriented salts) and synthesis (e.g., our use of salts with Br3
- as the 

anion for selective bromination reactions24 to be discussed in Chapter 4).  We seem 

to have only scratched the (oriented) surfaces of these systems! 
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Chapter 4 

Density and Diffusion-mediated Stereoselective Bromination 

Reactions Using tri-Decylmethylphosphonium Tribromide in a 

‘Stacked’ Reactor 

4.1 Introduction 

Bromination reactions of unsaturated molecules involving additions or 

electrophilic substitutions are common in organic synthesis. Typically, they are 

performed in batch processes by dissolving the substrate and the brominating reagent 

in a common solvent. However, the most common of these reagents, bromine, is 

difficult to manipulate due to its toxicity, corrosiveness, and high vapor pressure. 

Although several other brominating reagents73,74,75 have been introduced to minimize 

these problems, new reagents are needed for specific applications, especially if they 

reduce the environmental impact of the reactions. 

Here, we describe how a new ionic-liquid, tri-decylmethylphosphonium 

tribromide (1P10Br3), can be used in bromination processes, including one in which 

several reactions are conducted sequentially, without classical work-up procedures. 

The 1P10Br3 is made by reaction of 1P10Br24,76 with molecular bromine and the 

continuous process allows the 1P10Br3 to be reformed from 1P10Br after reacting 

with an unsaturated species. The chemical reactions are shown in eq 4-1 and Scheme 
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4-1 (where a substrate A is fed into the reaction vessel through the top and yields 

product ABr2, while bromine is fed from the bottom; solutions of the substrates in 

contact with the 1P10Br3 are exchanged and the bromine reservoir is replenished 

periodically). 

P
Br

Br2 P
Br3

+

1P10Br 1P10Br3   (4-1) 

1P10Br + Br2 1P10Br + Product

1P10Br3 + Substrate1P10Br3

Br2

Substrate

 

Scheme 4-1. A schematic description for continuous or recyclable brominations. 

The tribromide anion, Br3¯, is very stable when neat77 or dissolved in aprotic 

solvents,78 and is a safer and more easily handled reagent because it lacks the 

volatility of molecular bromine. Its quaternary ammonium salts can effect 

bromination reactions in solutions or as solids74,75 and they have been used to 
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catalyze several acetalization and pyranylation reactions.79 The results presented here 

demonstrate how the larger size of P+ than N+, its lower binding energy with 

anions,80 and the broadened liquid phase range of 1P10Br3 may be exploited to 

brominate a wide variety of substrates. 

4.2 Results and Discussion 

4.2.1 Phase characterizations of 1P10Br3. 

1P10Br3, a stable complex between 1P10Br (mp 98.8–100.7 °C, Section 2.3.3) 

and bromine, crystallizes at -19.8 – -26.3 °C upon cooling (optical microscopy) and a 

phase transition can be seen by DSC in the same temperature range (Figure 4-1A); 

no optical birefringence, that would indicate a liquid-crystalline phase, was detected 

above the crystallization temperature. Both the larger size and more delocalized 

electrons of the Br3¯ anion (as compared to Br¯) contribute to the drastically reduced 

melting temperature of 1P10Br3 (Section 2.3.3.2), allowing it to be a room-

temperature ionic liquid.  

The X-ray diffractogram of 1P10Br3 in the liquid phase at room temperature 

contains a weak, low-angle peak corresponding to d = 18.2 Å from residual 

molecular packing of tri-decylmethylphosphonium ions (Figure 4-1B). The quite 

broad peak centered near 22o (corresponding to a Bragg distance of ~4.0 Å) is 

attributed inter-chain interactions from London dispersion forces.81 The previously 
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investigated ammonium tribromides, with pentylpyridinium and 

tetrabutylammonium cations,75 have much shorter alkyl chains and, thus, are 

expected to have less residual order in their liquid states. 
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Figure 4-1. DSC thermogram (A) and powder X-ray diffractogram at 24 °C (B) of 

1P10Br3. The sample in A was cooled from room temperature to -50 °C and then 

heated up to 30 °C at a rate of 5 °C/min. 

4.2.2 1P10Br3 as a brominating reagent. 

No bromine could be detected by UV–vis spectroscopy in a neat upper 

hexadecane layer that was allowed to remain in contact with a lower 1P10Br3 layer 

for two weeks (Figure 4-2A). Mixing hexadecane (containing a substrate) and 

1P10Br3 at room temperature resulted in gradual loss of the red color of the 1P10Br3 

layer as the bromination reaction progressed at the interface; the rate of fading 
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depends on the area of interfacial contact between the two layers. Although common, 

solution-phase bromination reactions require careful control of the rate of addition of 

molecular bromine and temperature to avoid undesirable side reactions,82 no 

precautions need be taken for any of the reactions with 1P10Br3 as the reagent 

because of the control exerted by the interfacial contact and the slow diffusion of 

Br3¯ to the interface once those anions at the surface have reacted. That diffusion is 

probably impeded by the growing concentration there of Br¯ from reacted 

phosphonium salt and its possible solidification. Some of these problems can be 

offset in batch reactions by adding a slight molar excess of 1P10Br3 or, as shall be 

discussed later, creating a reservoir of bromine that allows in situ regeneration of 

1P10Br3 from reacted 1P10Br. 

4.2.3 Batch reactions (Two-layer systems). 

In batch reactions, a tube or vessel was loaded with the reagents, capped to 

avoid evaporation or introduction of moisture, and left undisturbed until work-up. 

When the brominated products were solids (e.g., erythro-1,2-dibromo-1,2-

diphenylethane from trans-stilbene; Figure 4-2B), they were easily isolated by 

gravity filtration followed by washing with hexane (in which 1P10Br is soluble). A 

small amount of erythro product (ca. 1%) and no threo stereoisomer were found in 

the hexadecane layer. The phosphonium bromide is easily isolated by removal of the 

hexane, and 1P10Br3 can be regenerated by addition of more bromine. As a 
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consequence of the need for surface contact between 1P10Br3 and substrate 

molecules at the hexadecane-salt interface to effect reaction, the rate of conversion is 

initially much faster than at the later stages (but for reasons more related to rates of 

diffusion than to changes in concentrations that explain the kinetics of second order 

processes in solution).  For example, bromination of cyclohexene on a batch reaction 

was found to proceed to 61% completion after 2 days and increased to 92% only 

after 4 additional days (vide infra). 

10 days
24 oC

A B

 
Figure 4-2. trans-Stilbene initially dissolved in hexadecane with red 1P10Br3 (1.2 

equivalents) in the lower layer (A) and precipitated product (white solid above the 

phosphonium salt layer) after 10 days (B).  

In those cases where the products are soluble in hexadecane, the upper layer can 

be removed with a pipette, followed by one of a variety of separation techniques that 

depends on the relative boiling points or column elution characteristics of the 

components. 

Results from batch bromination of cis-stilbene by 1P10Br3 are compared with 

other methods in Table 4-1.  The addition with 1P10Br3 as an ionic liquid was 
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almost exclusively (98 %) syn and in a reasonable yield from the solid precipitate, 

although a small amount (ca. 7%) of erythro- and threo-1,2-dibromo-1,2-

diphenylethane in a 1/4 ratio was dissolved in the hexadecane layer.  No 

isomerization of erythro to threo product (or the reverse) was observed under these 

reaction conditions. By contrast, reaction with 1P10Br3 dissolved in 1,2-

dichloroethane or bromine in hexadecane provided almost exclusively the threo 

stereoisomer, indicative of the more normal anti addition.83 The Br3¯ reagents with 

ammonium counterions also yielded exclusively or predominantly the isomer from 

anti addition.74b,75a 

This mode of bromination at a high concentration (ca. 0.3 M in hexadecane) of 

cis-stilbene appears to be unprecedented. Syn addition is reported to be more favored 

at lower concentrations of cis-stilbene and higher concentrations of bromine: the 

syn/anti ratio reaches 9/1 when the initial cis-stilbene and bromine concentrations in 

1,2-dichloroethane are ~10-5 M and 10-3 M, respectively.84 We conjecture that the 

almost exclusive syn addition reported here is a consequence of the manner in which 

the stilbene molecules sit on the surface of the 1P10Br3 layer.  However, no syn 

addition to trans-stilbene was observed with 1P10Br3 although it does occur under 

the solution conditions mentioned above for cis-stilbene!84 More experimentation 

will be required to understand the mechanisms responsible for these results. 
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Table 4-1. Distribution of (A) erythro- and (B) threo-1,2-dibromo-1,2-

diphenylethane in brominations of cis-stilbene by different brominating reagents 

under different conditions at room temperature. 1.2 equivalents of 1P10Br3 were 

used in both entries.  

Conditions Products Yield (%) A : B 

1P10Br3 (ionic liq)/hexadecane 58 89 : 11a 

Soln of 1P10Br3 in CH2ClCH2Cl 100 0 : 100 

Br2 in hexadecane 100 5 : 95 

Soln of H(CH2)4N+Br3¯ in CH2ClCH2Cl74b N/A 1 : 99 

C5H11(C5H5N)+ Br3¯ (no solvent)75a 90 0 : 100 

Soln of H(CH2)4N+Br3¯ in CHCl3
78  

Br

Br

A

Br

Br

B
 100 50 : 50b 

a Average of results from two experiments; after 10 days. b [cis-stilbene] = 5 × 10-3 

mol/L; ratio of products depends on initial concentration.78  

4.2.4 Batch reactions (Four-layer system). 

A bromination system based upon the insolubility and densities of 4 layers was 

also devised and employed in order to permit consumed 1P10Br3 (i.e., 1P10Br) to 

be regenerated in situ without the unsaturated substrates coming into contact with 

molecular bromine. Our design, based on solubilities and densities, is an extension of 

the clever use of perfluorohexane (ρ = 1.67 g/mL) by Ryu, Curran, and co-workers85  

and Jana and Verkade86 as a moderating layer in “phase-vanishing” bromination 

reactions. In our case, it separates the bromine bottom layer (ρ = 3.12 g/mL) from the 
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1P10Br3 ionic liquid layer (0.77 g/mL <ρ < 1.67 g/mL) and hexadecane top layer 

solutions (ρ = 0. 77 g/mL). A diagram of our 4-layer system is shown in Scheme 4-2. 

The system dissipated the heat evolved during our small-scale brominations very 

effectively.  It should do so equally well in larger-scale reactions because the rate of 

bromine transport can be controlled by the thicknesses of the perfluorohexane and 

phosphonium salt layers or by immersing the bromine and perfluorohexane layers in 

a cold bath (N. B., diffusion can be stopped easily by freezing Br2 at < -7.3 °C87).  

 

Scheme 4-2. Four layer system amenable to batch or sequential bromination 

reactions. See text for details. Each layer is immiscible in the ones with which it is in 

contact and they maintain their positions based upon their density (g/mL). 

Pictures of two examples, one employing 1P10Br3 as the initial reagent (Figure 

4-3) and the other employing 1P10Br (Figure 4-4), are shown. Perfluorohexane, 

being heavier than 1P10Br3 or 1P10Br but lighter than liquid bromine and 

immiscible in both, can be used to separate them and serve as a liquid membrane to 



189 

regulate the passive diffusion of bromine85 into the 1P10Br/1P10Br3 layer. In so 

doing, the loss of bromine from 1P10Br3 is compensated during a bromination 

reaction and the ionic liquid nature of the phosphonium salt phase is maintained; the 

molecular bromine that diffuses through the perfluorohexane reacts with consumed 

1P10Br.  The hexadecane layer on top, containing the substrate molecule, is then 

exposed to an adequate amount of 1P10Br3 over time. The reaction products (and the 

top layer) are collected easily by removal with a pipette. The syn/anti ratio for 

precipitated products from cis-stilbene was 97/3 when 1P10Br was the initial salt in 

contact with the hexadecane layer, as compared to 94/6 using 1P10Br3. However, 

use of 1P10Br3 is recommended in general because, in some cases, bromine that 

diffuses from below may react more slowly with the solid 1P10Br than it diffuses 

through the phosphonium layer and reacts with molecules in the upper hexadecane 

layer. As will be discussed later, this system is also amenable to conducting 

sequential bromination reactions without dismantling the need to dismantle it 

between changes of substrates.   

Tribromide anions are also known to associate with one additional Br2 molecule 

to form Br5¯;78 there are visual indications that such a species, 1P10Br5, may be 

present at the end of some of our reactions in which an excess of molecular bromine 

has been added. For example, the residual strong red color in the phosphonium layer 

in Figure 4-3B is indicative of the presence of some 1P10Br5 because the bromine 
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layer has disappeared completely, the perfluorohexane and hexadecane layers are 

colorless, and even with the 100% product yield found (entry 4 in Table 4-2), there 

remain 1.3 molecules of Br2 per molecule of 1P10Br. We have not compared as yet 

the regio- and stereo-selectivities of brominations using 1P10Br3 and 1P10Br5. The 

configurations of our systems strongly suggest that 1P10Br3 is the dominant 

brominating agent in the work reported here. 

5 days
24 oC

BA

 

Figure 4-3. Four-layer brominating system consisting of (from top to bottom): trans-

2-hexene (72 mg, 0.86 mmol) in 2.1 mL hexadecane, 1P10Br3 (335 mg, 0.47 mmol; 

5 mm in layer thickness), perfluorohexane (1.42 g; 11 mm layer thickness) and 

bromine (163 mg, 1.02 mmol). The interior diameter of the round tube is 10.5 mm 

(86.6 mm2 surface area).  (A) Initial stages of the reaction showing that bromine has 

already begun to diffuse through the perfluorohexane layer and is visible as a red 

gradient; (B) After 5 days, showing the loss of the bromine layer at bottom and 

residual bromine in the phosphonium layer.  
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10 days
24 oC

BA

 

Figure 4-4. Four-layer brominating system consisting of (from top to bottom): cis-

stilbene (135 mg, 0.75 mmol) in 3.2 mL hexadecane, solid pieces of 1P10Br (412 

mg, 0.75 mmol; 5 mm in layer thickness), perfluorohexane (2.25 g; 13.5 mm layer 

thickness) and bromine (120 mg, 0.75 mmol). The interior diameter of the round 

tube is 11.5 mm (104 mm2 surface area). (A) Initial stages of the reaction; (B) after 

10 days, showing the loss of the bromine layer at bottom and residual bromine in the 

phosphonium layer. Note especially the loss of the bottom layer, the lack of color in 

the perfluorohexane layer, and crystals of 1,2-dibromo-1,2-diphenylethane atop the 

phosphonium salt layer in the expanded view. Different backgrounds were used for 

clarity. 



 

 

Table 4-2. Product yields and distributions of syn/anti addition (or other) products for bromination reactions of 

various substrates at room temperature using 3 experimental protocols.  

4 layers (substrate in 

hexadecane/ 1P10Br3/ 

perfluorohexane/Br2)  
 

2 layers (substrate in  

hexadecane/1P10Br3)  
 

stirred solution (substrate 

and Br2 in hexadecane)  entry substrate 

yield/time anti/syna  yield/time anti/syna  yield/time anti/syna 

1  
   

61%/2 d 

92%/6 d 

99%/12 d 

100:0 

100:0 

100:0 

 100%/30 min 100:0 

2 
 

84%/10 d 100:0  78%/10 d 100:0  100%/30 min 99:1 

3 
 

72%/10 d 

53%/15 d 

21:79b 

10:90c 
 58%/10 d 11:89b  100%/30 min 95:5 

4  
100%/5 d 

100%/10 d 

92:8 

93:7c 
 100%/10 d 95:5  100%/30 min 100:0 

5 
 

100%/5 d 

100%/10 d 

85:15 

78:22c 
 100%/10 d 72:28  100%/30 min 100:0 

192
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6 
 

100%/10 d 96:4  100%/10 d 100:0  100%/30 min 68:32 

7 
 

7%/20 d 100:0d  
0%/20 d 

0%/30 de 
  42%/20 d 100:0f 

8 
 

78%/20 dg 100:0h  70%/20 d 100:0h  92%/5 hg 84:16h 

9 O
 

67%/20 dg 50:44:6i  
15%/12 d 

15%/30 de 

100:0j 

100:0j 
 87%/20 dg 93:0:7i 

a Based on product stereochem for entries 1-8. b Avg of 2 expts. c From sequential bromination expt; see below. d 

Plus 36% 9-bromophenanthrene. e Stirred last 2 days. f Plus 32% 9-bromophenanthrene. g 1.0 Equiv Br2. h trans-

1,2-Dibromo-1,2-diphenylethene:1,1,2,2,-tetrabromo-1,2-diphenylethane. i 4-Bromoanisole:2,4-

dibromoanisole:2,4-dibromophenol (4 layer) or 4-bromoanisole:2,4-dibromoanisole:2-bromoanisole 

(Br2/hexadecane). j 4-Bromoanisole:2,4-dibromoanisole. 
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Table 4-2 summarizes the yields and distributions of products from unsaturated 

substrates using 1P10Br3 as the brominating reagent using the 2-layer and 4-layer 

systems and using molecular bromine in hexadecane solutions. Product ratios are 

based on integration ratios of diagnostic peaks of 1H NMR spectra of reaction 

mixtures. The results indicate that the use of 1P10Br3 has some distinct 

stereochemical advantages in some case, but is not the method of choice in others 

due to the longer periods needed to obtain high product yields.  Thus, although the 

course of the bromination of cyclohexene in both the 2-layer and solution reactions 

is exclusively anti, the former is much slower (entry 1). Also, the brominations of 

the isomers of 2-hexene by 1P10Br3 are less stereoselective than the solution 

bromination (entries 4,5), and bromination of phenanthrene by 1P10Br3 results in 

more elimination product (entry 7).   

Several other entries demonstrate that bromination procedures using 1P10Br3 

produce higher stereoselectivities or higher yields of desired brominated products.  

Thus, bromination of trans-stilbene (entry 2) yielded only erythro-1,2-dibromo-1,2-

diphenylethane (A), whereas reaction in solutions of Br2 in hexadecane or in CH2Cl2 

(erythro:threo = 84:16).88 The stereoselectivity of bromination of acenaphthylene 

(entry 6) using ionic liquid 1P10Br3 is much higher than and bromination of 

diphenylacetylene (entry 8) 1P10Br3 yields only trans-1,2-dibromo-1,2-
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diphenylethylene, whereas bromination with only one equivalent of molecular 

bromine in solution results in a mixture of di- and tetra-bromination products.   

Interestingly, bromination of anisole (entry 9) using the 2-layer system with 1P10Br3 

resulted in exclusive para-substitution, albeit in a low yield.  The solution-phase 

bromination was less selective, yielding some ortho-substituted product as well.  

Somewhat surprisingly, the total yield of bromination products is improved 

significantly by employing the 4-layer system, but it was attended by formation of 

some 2,4-dibromoanisole and 2,4-dibromophenol (from disubstitution as well as 

ether cleavage). 

4.2.5 Sequential brominations (Four-layer system). 

When one reaction is completed, the top hexadecane layer (containing residual 

substrate and product) can be replaced with another hexadecane layer with a 

different substrate and more bromine can be added to the bottom layer.  So doing 

saves valuable chemicals and results in virtually no waste; the bromination system 

becomes rechargeable ‘green’ reactor.  

In a demonstration of principle, we have brominated trans-2-hexene, cis-2-

hexene and cis-stilbene in sequence without changing the reactor (Figures 4-5 and 4-

6).  At the end of each bromination, the hexadecane layer (containing the soluble 

products) was removed with a pipette. Perfluorohexane was placed in the side-arm 

and more bromine was added through it as needed (i.e., when a new substrate in 
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hexadecane was added above the phosphonium salt layer). Because the bromination 

products from cis-stilbene are insoluble in hexadecane, it was reacted last. The 

reactor was closed during the course of reactions to avoid evaporation and possible 

contamination from moisture etc. The results from the sequential reactions are very 

similar to those found for the same substrates using the 2-phase batch system (Table 

4-2).  At the end of the sequence, there was no indication of degradation of the 

phosphonium salt.  

substrates in 
hexadecane

1P10Br3

perfluorohexane

Br2

Br2

 
Figure 4-5. Apparatus for sequential bromination reactions in a 4-layer system. 

4.3 Conclusions 

The ability of a new room-temperature ionic liquid, 1P10Br3, to act as a 

brominating agent for a variety of reactant molecules has been demonstrated while 
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using 3 different reactor conditions, including two that depend on the densities of 4 

immiscible species and the mobility of bromine in perfluorohexane.  The reactions 

are mild and, in some cases, more stereoselective than molecular bromine or 

ammonium tribromide reagents.  The bromination can be made environmentally 

friendly by utilizing a reactor that allows sequential reactions to be conducted.   

Thus far, no attempt to optimize the conditions for these brominations has been 

made. Clearly, it would be desirable to decrease the rates at which the reactions 

occur.  That should be easily achieved in 2-layer batch reactions by stirring 

vigorously or sonicating the mixtures.  The rates of conversions of reactions in the 4-

layer systems can be modulated as well using variables—such as temperature, 

interfacial surface areas, layer thicknesses, and even stirring within single layers—

that are more in the realm of engineering than chemistry.  Chemical improvements 

and widening the scope of these reactions may be achieved in several simple ways:  

(1) by altering the structure of the phosphonium cation; although only one 

phosphonium bromide has been employed here, several others can be used as 

well.19,20,21,39  

(2) by performing iodinations with triiodides89 using the 2-layer or 4-layer 

procedure (and a phosphonium iodide20 ,39 in place of the bromide);  

(3) by performing chlorinations after some small design changes to the reactor in 

Figure 4-5 and exchange of the bromide anion with chloride.90  
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(4) by changing hexadecane for other ‘inert’ liquids that are immiscible with the 

phosphonium salts and less dense than them; not all substrates can be dissolved in 

hexadecane. 

Such reactions and processes that allow the sequential reaction of different 

substrates using the same reagents and vessel will be explored in future work. 

4.4 Experimental Section 

4.4.1 Instrumentation. 

NMR, DSC, POM and XRD were performed as indicated in Section 2.2.1.Yields 

of reactions for bromination of cyclohexene only were followed by gas 

chromatography (GC) using a Hewlett-Packard 5890 gas chromatograph equipped 

with a flame ionization detector and a 0.25-µm DB-5 (0.25 mm × 30 m) column. In 

all other cases, the yields and diastereomeric ratios of the products were determined 

by comparing the areas of diagnostic peaks in 1H NMR spectra of products that were 

insoluble in hexadecane as CDCl3 solutions and of products that were soluble in 

hexadecane as an aliquot of the hexadecane layers of the reaction mixtures diluted 

with CDCl3. 

4.4.2 Materials. 

Cyclohexene (99%, Acros), trans-stilbene (96%, Aldrich), cis-stilbene (96%, 

Aldrich), trans-2-hexene (97%, Aldrich), cis-2-hexene (95%, Aldrich), anisole 
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(anhydrous, 99.7%, Aldrich), phenanthrene (HPLC, > 97%, Fluka), acenaphthylene 

(75%, Aldrich), diphenylacetylene (98%, Aldrich), hexadecane (99%, Aldrich), and 

bromine (ACS grade, Aldrich) were used as received. Perfluorohexane was a gift 

from 3M Corporation, St. Paul, MN, and used without further purification. 1P10Br 

was synthesized in Section 2.3.2.2.  

4.4.3 Sample preparation. 

1P10Br3 was prepared by adding 22.5 wt% (1.0 molar equivalent) liquid Br2 to 

solid 1P10Br in a dry box under a nitrogen atmosphere (Note: 1P10Br is very 

hygroscopic.) in glass tubes that were then flame-sealed. The tubes were immersed 

in a hot-water bath at 60-70 °C, above where the mixtures became isotropic liquids, 

for at least 8 h to ensure homogeneity and then were cooled slowly to room 

temperature. The tubes were opened in a dry box and aliquots were removed for 

different experiments as needed. 

4.4.4 General procedures. 

4.4.4.1 Solution phase brominations. 

A hexadecane solution (3 mL) containing bromine (generally 1.1 equivalents, 

based on substrate) was slowly added dropwise to a vigorously stirred solution (3 

mL) of substrate in hexadecane that was immersed in an ice-water bath. 
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4.4.4.2 The 2-layer system for bromination reactions. 

Hexadecane (ca. 2.0 mL) with dissolved substrate was added directly to 1.2 

equivalents (based on substrate) of ionic-liquid 1P10Br3 in a screw-top vial (14 mm 

diameter; 154 mm2 surface area). Some mixtures were stirred with a magnetic spin 

bar. After a predetermined period, the mixtures were either (1) gravity filtered (if the 

products were insoluble in hexadecane) and the solids were washed repeatedly with 

hexanes to dissolve the phosphonium salts or (2) the top hexadecane layer was 

removed with a pipette (if the products were soluble in hexadecane). 

4.4.4.3 The 4-layer system for bromination reactions. 

Normally, 1.2 equivalents of bromine (based on the substrate amount) were 

added to a tube (10.5 mm diameter and 87 mm2 surface area) containing 

perfluorohexane (~1.5 g; ~11 mm layer thickness). 1P10Br3 (~320 mg; ~5 mm layer 

thickness) was added carefully to the top, followed by addition of a solution of the 

substrate in hexadecane (2-2.5 mL). The tube was sealed with a rubber stopper and 

kept in the dark during the period of reaction. 

4.4.4.4 Sequential bromination in the 4-layer system. 

The apparatus charged with the reagents is shown in Figure 4-5.  In the first 

bromination (of trans-2-hexene), 1.0 equivalent of bromine was charged in a reactor 

(13 mm diameter; 133 mm2 surface area). The layer thicknesses of perfluorohexane 
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and 1P10Br3 were ca. 25 and 12 mm, respectively. The reactor was closed during 

the course of this reaction (10 days) and subsequent ones to avoid evaporation and 

possible contamination from moisture etc. The hexadecane layer was removed 

carefully by pipette and the upper walls and surface of the phosphonium layer were 

washed 3X with 2 mL hexadecane aliquots. The combined haxadecanes were 

analyzed as noted above. Then, cis-2-hexene in hexadecane was added carefully on 

top of the phosphonium salt layer and 1.0 equivalent of bromine was added to the 

bottom via a side arm containing perfluorohexane.  After 10 days, the hexadecane 

layer was removed and the top was washed as noted before.  Then, the reactor was 

charged with a hexadecane solution of cis-stilbene and 1.0 equivalent of bromine as 

before.  After 15 days, the solid products and the phosphonium salts were isolated 

and separated as noted for the 2-layer reaction process.  These procedures are shown 

schematically in Figure 4-6. 

4.4.5 Isolation of products. 

Liquid or solid products during brominations were isolated by one of two 

following methods explained in the examples below. 

4.4.5.1 trans-1,2-Dibromocyclohexane. 

A solution of cyclohexene (0.62 g, 7.6 mmol) in 20 mL hexadecane was directly 

added to 5.91 g (8.3 mmol) 1P10Br3 in a round bottom flask, which was then sealed 
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with a stopper. The completion of bromination was indicated after 7 days by 

examining an aliquot of the hexadecane layer by 1H NMR spectroscopy. The 

hexadecane layer was removed from the reaction mixture and the surface of the salt 

layer was washed with neat hexadecane (ca. 10 mL) to yield 1.53 g (84%) of trans-

1,2-dibromocyclohexane (bp 45.6 - 47.2 °C (0.8 torr); lit. 41-41.5 °C (0.5 torr.)91) 

was distillated from the combined hexadecanes by applying vacuum. 1H NMR 

(CDCl3): δH 1.51 (2H, m), 1.83 (4H, m), 2.47 (2H, m), 4.45 (2H, s) ppm. 13C NMR 

(CDCl3): δH 55.89, 32.67, 23.08 ppm. 

4.4.5.2 erythro- and threo-1,2-Dibromo-1,2-diphenylethane. 

A solution of 15 mL hexadecane and 1.16 g (6.4 mmol) of cis-stilbene was added 

to 5.04 g (7.1 mmol) 1P10Br3. After 12 days, the hexadecane layer was removed. 

Hexanes 60 mL were added to the mixture of precipitated products, 1P10Br and 

unreacted 1P10Br3 and then the mixture was warmed in a water bath (ca. 50 °C) for 

several minutes in order to completely dissolve the phosphonium salts. After cooling 

the solution to room temperature, 1.14 g (52 % yield) of white solid products, mp 

235.6 - 238.1 °C (lit. 239 – 240 °C92 for erythro and 108.5 – 110 °C93 for threo) were 

obtained by filtration. The diastereomeric ratio of erythro- to threo-1,2-dibromo-1,2-

diphenylethane was found to be 99:1 by 1H NMR spectroscopy. 

 



 

 

5.8 g (7.5 mL) hexadecan e 
with 163 mg (1.94 mmol) 

trans-2-hexene

1P10Br3 (1.29 g, 1.82 mmol)

Perfluorohexane (6.39 g)

Br2 (310 mg, 1.94 mmol)

hexadecane 
with products

1P10Br3

perfluorohexane

10 days

Remove hexadecane layer
and wash with neat hexadecan e; 

combine hexadecan es

Add 6.6 g (8.6 mL) hexadecane with 242 
mg (2.88 mmol) cis-2-hexene to top; 

add 461 mg (2.88 mmol) Br2 to bottom

hexadecane with
products

1P10Br3

perfluorohexane

Add 6.3 g (8.2 mL) hexadecane with 
475 mg (2.64 mmol) cis-stilbene to top;
add 422 mg (2.64 mmol) Br2 to bottom

Remove hexadecane layer and 
wash with neat hexadecan e; 

combine hexadecan es
hexadecane with

unreacted cis-stilbene

1P10Br3

perfluorohexane

solid products

15 days

Separate solid products:

1. Remove hexadecane and cis-stilbene layer
2. Wash with neat hexadecane and combine hexadecanes
3. Add 10 mL hexanes to solid products and 1P10Br3 to 

dissolve salt; wash solid with ca. 25 mL hexanes.  

Figure 4-6. Procedures for sequential brominations of trans-2-hexene, cis-2-hexene, and cis-stilbene. 
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