7670 J. Am. Chem. S0d.997,119,7670-7675
Novel Thermotropic Liquid Crystals without a Rigid Core
Formed by Amphiphiles Having Phosphonium lons
Akihiko Kanazawa, Osamu Tsutsumi, Tomiki lkeda,* and Yu Nagasé
Contribution from the Research Laboratory of Resources Utilization,
Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226, Japan
Receied No)ember 14, 19986
Abstract: Thermotropic liquid-crystalline behavior of phosphonium salts, which are structurally simple amphiphiles
with positively-charged phosphorus atoms and without rigid cores, was evaluated by differential scanning calorimetry,
polarizing optical microscopy, and X-ray diffractometry. The phosphonium salts were found to show a smectic A
(Sa) phase in which a homeotropic structure was formed spontaneously. It is significant that the phosphonium salts
possess an advantageous feature as thermotropic liquid crystals and show a stable liquid-crystalline phase and a
simple phase transition behavior in comparison with commonly available ammonium analogs. For example,
dimethylditetradecylphosphonium chloride showed the highgdb $sotropic (1) phase transition temperatufig(
187 °C) and the g phase in the widest temperature range (3C9on heating) among the cationic amphiphiles
examined in the present study, while dimethylditetradecylammonium chloride with the same structure except the
cationic part showed the lowest (70 °C) and the narrowest liquid-crystalline temperature rang€é(@n heating).
Introduction synthetic membranes, which mainly have a hydrophilic part and

double long alkyl tails as a hydrophobic part similarly to the
phospholipid molecule%. Such synthetic bilayer-forming am-
phiphiles are known to form spontaneously various aggregates
in aqueous dispersion like liposomes from naturally-occurring
phospholipid€. In agqueous solutions, their lyotropic liquid-

Thermotropic liquid crystals have been widely used as active
media in liquid-crystal display devices and spatial light modula-
tors! Typical thermotropic liquid crystals are usually composed
of two major structural parts: an elongated rigid aromatic core

and terminal flexible alkyl chains or polar groupsRecently, . . . . : .
i, SR crystalline properties have been investigated in detail such as
novel families of thermotropic liquid crystals have been found hol doh tion behavi
in aromatic compounds which are based on strong noncovalentaggregalte morphology and phase transition behavidowever,
-very few studies have been performed on the thermotropic

interactions to assemble the parts through a molecular recogni-. ~ = - : . o . .
. . . liquid-crystalline behavior of cationic amphiphiles without rigid
tion process. Several studies have been done on thermotropic . .

cores except some quaternary ammonium $alis particular,

liquid-crystalline behavior of aromatic compounds possessing lyotropic as well as thermotropic liquid-crystalline behavior of

cationic moieties such as quaternary ammonium and pyridinium . . "
derivatives It has been found that introduction of positively- the phosphonium salts with positively-charged phosphorus atoms
has not been explored so far.

charged nitrogen atoms into a molecule results in formation and Study on antimicrobial activity of organic cations has shown

fgfggiﬁg%s of the liquid-crystaliine phases by the ionic that phosphonium salts with double long alkyl chains are more
) active than quaternary ammonium salts with the same strutture.

Q”atemafy ammonium salts V.V'thOUt rigid cores have been Furthermore, we proposed a new concept for the mode of action
used extensively as a representative compound in self-assembleg

* To whom correspondence should be addressed.

f the cationic biocides. The antimicrobial activity of organic
cations is ascribed essentially to the molecular organization of

" Sagami Chemical Research Center, 4-4-1 Nishi-Ohnuma, Sagamiharathe organic cations within the aggregates in aqueous soltftion;

229, Japan.
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Table 1. Microanalytical Data for the Phosphonium and the
Ammonium Salts

cr ><* calcd (foundj (%) purity
\/\/\/\/\/ compd C H N ¢ (%)P

P-Cio 69.71(69.45) 12.76 (12.85) 9.35(9.99) 99.5

X-C,, (X=P,N) P-Cy4 73.35(72.98) 13.13(13.33) 7.22 (7.77) 99.7

1 T P-Cis 75.63(75.29) 13.36 (13.13) 5.87 (5.44) 99.4

N-Cip 72.98 (72.75) 13.36 (13.55) 3.87 (3.75) 9.79 (9.57) 99.4
N-Cis 75.97 (75.58) 13.60 (13.38) 2.96 (2.78) 7.47 (7.69) 99.5
N-Cis 77.82(77.60) 13.75(13.59) 2.39 (2.26) 6.04 (6.39) 99.9

N aDetermined by elemental analyst€Estimated by nonsuppressor
cr /X ion chromatography.
by means ofH-NMR spectroscopy (Hitachi R-600, 60 MHz) and fast
atom bombardment mass spectrometry (FABMS; JEOL JMS-AX
505W) in which glycerol was used as the FAB matrix and the positive
FAB ionization method (PI) was used at an accelerating voltage of 10
kV with Xe atom as the primary ion source. Their purities were
examined by elemental analysis and high-performance liquid chroma-
tography (HPLC; Shimadzu HIC-6A). The HPLC instrument operating
at 40°C was equipped with an analytical column for nonsuppressor
ion chromatography (Shim-pack IC-C3, 4.6 mm d100 mm) which
shows superior separation for cations and a conductivity detector
(Shimadzu CDD-6A; analytical conditions: polarity, negative; response,
standard; gain, 1S cntl). A mixture of acetonitrile (HPLC grade)
and 2.0 mM oxalic acid aqueous solution prepared with deionized water
(1:1, viv) was used as a mobile phase at a flow rate of 1.0 mmin
X-C X -P N Each compound was dissolved in acetonitrile (HPLC grade) so as to
8 (X=P.N) give the concentration of 500y mL™%, and the sample solution of 20
Figure 1. Chemical structures of dimethyl-substituted phosphonium uL was subjected to the HPLC measurements, in which tetrabutylphos-
and ammonium salts with double long alkyl chains used in this study. phonium and tetrabutylammonium bromides (Tokyo Kasei; HPLC
grade; purity 99.0%) were used as an internal standard substance to

A

X-Cyy (X=P,N)

cr \X
/

/A

Scheme 1 determine the purity oP-C, andN-C,, respectively. The area of an
CoHan.1MgBr CH3MgBr elution band in comparison with that of the standard was used for

(CaHs0)2PCl ! f‘*“‘” (CoHsO)oPCHpy.; —— guantitative purposes since the co_nductivity of c_ati(_Jnic am_phiphiles_ is
<-5°C/THF reflux / THF dependent only on the concentration of the cationic part, irrespective

. jﬁff"m of the hydrophobic structure. The measurements were done in triplicate
o for the same sample, and the purity could be determined with an error

CHan . Cl of only £0.2%.
(CH3)2P*(CoHan.1)a CF 1S eauv The microanalytical data obtained are listed in Table 1. In all the

1407C ol compounds, the found values agreed with the calculated values within
P-C, . . .
(=10, 14, 18) the experimental error. As listed in the last column of Table 1, all
compounds showed a purity of above 99.4%, indicating that the

L . . . compounds are of a high purity. Figure 2 shows a typical HPLC
the activity is determined primarily by the aggregate morphology Chrofnatog ram ofP-Cis ?m de-<¥14 wi?hout the internalypstand ard

and the number of active molgqules comprising the aggregat,essubstance. For each compound, only one peak was observed for the
On the basis of these results, itis assumed that the phosphoniumetention time of 8.5 and 8.8 min, which corresponds to the phospho-

salts possess a high ability of molecular organization in npjum and the ammonium ions, respectively. Furthermore, in the mass
comparison with the quaternary ammonium analogs. Here we spectra obtained by the FABMS (Pl), the parent catiorPeE, and
report thermotropic liquid-crystalline behavior of phosphonium N-C,, which was the highest in relative abundance for each sample,
salts which are structurally simple amphiphiles with positively- was observed and the other positive ions were absent except their
charged phosphorus atoms and without rigid aromatic rings. fragment ions. These results demonstrate clearly that the cationic
amphiphiles used in this study are free from impurities.
Experimental Section Evaluation of Thermotropic Liquid-Crystalline Behavior. The
. . . thermotropic liquid-crystalline behavior of the cationic amphiphiles was
_General Considerations. The chemical structures of the phospho- e\ a1yated by differential scanning calorimetry (DSC; Seiko I&E SSC-
nium salts P-Co, P-Cis, andP-Cy¢) and the quaternary ammonium 5500 and DSC220C; heating and cooling racImin-2), polarizing
salts (N-Cio, N-Cia, andN-Cyg) used in the present study are shownin - o ical microscopy (Olympus Model BH-2; Mettler FP82HT hot stage
Figure 1. The phosphonium salt®-C.) were prepared through 54 Mettler FP90 central processor), and X-ray diffractometry (MAC
trialkylphosphine TAP-Cy) from diethy! chlorophosphite ((€s0).- Science MXP, equipped with a thermal controller, model 5301).
PCl) in three steps as shown in SCheme..l' The_ ammonium\sdlis . The thermodynamic property for phase transitioiPe€, andN-C,
and N'C.ls are commercial products (_K-@u-Kasel and quyo Kasel_, was explored by means of DSC. About 10 mg of the sample dried
respectively), a_nd\l-CM was synthesized by the _stepW|se glkylatlon completely was placed in an aluminum sample pan and sealed. The
of secondary dimethylamine or the monoalkylation of tertiary alkyl- sample pan was placed in the DSC cell compartment and cooled to

. ; ; - et

dlmethylar_nm_e with primary halides:'s . about—20°C. Measurements were carried out at a heating rate of 1.0
The cationic amphiphile®-C, and N-C,, were purified by repre- °C min~! up to 150-220°C. The phase transition temperature was

cipitation of the dichloromethane solution into a large excess of diethyl taken as a peak top, and the enthalpy change was determined from the

ether tar:jd recrysltilllzatlo[]rhfrom eth_y I actz_etate. The p(;mf'cat'%n V;'.‘?.S OIpeak area. To check reproducibility, the measurements were done in
repeated several imes. € organic cations prepared were identifie guadruplicate for the same sample. The reproducibility of the phase

(10) Kanazawa, A.; lkeda, T.; Endo, T. Appl. Bacteriol.1995 78, transition temperature and the enthalpy w86.3 °C and £7 %,
55—-60. respectively. The entropy change was calculated by assuming that the
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Figure 2. HPLC chromatograms of the phosphonium and the am-

monium ions obtained by nonsuppressor ion chromatography: (a)
P'C14; (b) N‘C14.

Table 2. Thermodynamic Characterization for Phase Transition of
the Phosphonium and the Ammonium Salts

K— SAb SA — ¢
AHys  A&s AHs) ASs)

Tks (kJ (J K-t Tsi (kJ (J K-t -l—decon%j
compd (°C) mol™) mol™?) (°C) mol™) mol?) (°C)
P-Civ 38 39 126 155 2.9 6.8 367
P-C., 68 70 205 187 5.6 13 366
P-Cis 82 57 160 145 2.4 5.8 362
N-Cio 59 9.1 28 94 1.7 4.7 198
N-C;4 48 1F 33 70 4.7 13 194
N-Cis 85 22 61 122  0.65 16 201

aTks andTs, phase transition temperaturetdxs andAHg, enthalpy
change;ASs and ASs;, entropy change’. Crystalline (K) to smectic
A (Sa) phase transitiorf. Smectic A () to isotropic (I) phase transition.
4 Decomposition temperature at which 10% weight loss occurred,
recorded by TG at a heating rate of 10 min~! in N,. ¢ Estimated
from the major peak except the unresolved pédke base line for
calculation of heat of transition was taken as the straight line joining
the points of inflexion of both ends of the endothermic peak.

transition is sufficiently reversible. The thermotropic phase transition
behavior on heating for each sample is summarized in Table 2.

In addition, to determine the decomposition temperature of the
organic cations, thermogravimetry (TG) was conducted with a Seiko
I&E TG/DTA220 coupled with a Seiko I&E SDM/5600 thermal

Kanazawa et al.

Table 3. X-ray Diffraction Data for the Phosphonium and the
Ammonium Salt3

compd dv (A)P I (A)e d (A)d a(A?e
P-Cyo 21.2 11.1 4.55 20.7
P-Ci4 28.1 14.8 4.96 24.6
P-Cys 35.6 18.5 4.93 24.3
N-Cio 23.7 10.8 4.43 19.7
N-Ci4 28.0 14.4 4.69 22.0
N-Cis 35.3 18.1 4.67 21.8

a Structural parameters for thg phase. Temperature: the series of
P-Cp, 120°C; N-Cyq, 70 °C; N-Cy4, 60 °C; N-Cyg, 100°C. ® Vertical
layer spacing® Molecular length calculated for a completely extended
chain.d Average lateral distance between the polar headgréups.
erage lateral area occupied by a single onium cation.

pressure. Magnesium powder and methylmagnesium bromide (Kodak
and Aldrich, respectively) were used without purification. Where
possible, all reactions, including oxidations and quaternizations, were
carried out under nitrogen in a well-ventilated hood. The trialkylphos-
phinesTAP-C, were characterized YH-NMR spectroscopy (Hitachi
R-600, 60 MHz) and electron ionization mass spectrometry (EIMS;
JEOL JMS-AX 505W). Elemental analysis ®AP-C, could not be
performed using a conventional method because they were oxidized
rapidly in air.

Decyldimethylphosphine (TAP-Gg). Decyl bromide (44.2 g, 0.20
mol) was slowly added to magnesium powder (4.86 g, 0.20 mol) in
100 mL of tetrahydrofuran (THF) with an iodine crystal under an
atmosphere of nitrogen. Aft@ h of heating and complete disappear-
ance of magnesium, diethyl chlorophosphite (31.3 g, 0.20 mol) was
added to a vigorously stirred reaction mixture belevs °C. The
mixture was warmed immediately to room temperature and stirred for
1 h. Methylmagnesium bromide (59.6 g, 0.50 mol) in THF (250 mL)
was added dropwise to the refluxing reaction mixture over a period of
1 h, and then the mixture was refluxed with stirring for 5 h. To
complete the reaction, about 200 mL of THF was removed from the
reaction mixture, and then the mixture was stirred again under reflux
for 2 h. The reaction was quenched by the addition of water (1000
mL), and the precipitated magnesium salt was filtered off. The product
was extracted three times with dichloromethane (200 mL) from the
filtrate. The extracts were washed several times with water and
evaporated to dryness. The crude product was purified by distillation
under reduced pressure to giVAP-C1o (24.6 g) in 61% yield. Bp:

87 °C at 1 mmHg;*H-NMR (CDCl): ¢ 0.7-1.1 (m, 9H, (GHa).P-
(CH2)9CH3), 1.1-1.8 (m, 18H, (CH)2P(0‘|2)9CH3) EIMS: m/e202
(M).

Dimethyltetradecylphosphine (TAP-Ci4). TAP-C,4was obtained
from tetradecyl bromide (55.5 g, 0.20 mol), magnesium powder (4.86
g, 0.20 mol), diethyl chlorophosphite (31.3 g, 0.20 mol), and meth-
ylmagnesium bromide (59.6 g, 0.50 mol) similarly T&P-C 1, (36.2
g) in 70% yield. Bp: 103105 °C at 0.15 mmHg. 'H-NMR
(CDC|3) 00.7-1.1 (m, 9H, (G‘|3)2P(CH2)13CH3), 1.1-1.7 (m, 26H,
(CH3)2P(CH2)15CHs).  EIMS: m/e 258 (M).

Dimethyloctadecylphosphine (TAP-Gg). The title compound
was prepared from octadecyl bromide (66.7 g, 0.20 mol), magnesium
powder (4.86 g, 0.20 mol), diethyl chlorophosphite (31.3 g, 0.20 mol),
and methylmagnesium bromide (59.6 g, 0.50 mol) similarly &dP-

analysis station. Experiments were carried out on about 10 mg samplesCy, (39.0 g) in 62% yield. Bp: 182C at 2 mmHg. H-NMR

heated in flowing nitrogen (200 mL mif) at a heating rate of 18C

(CDCL): 6 0.7-1.1 (M, 9H, (G3),P(CHy)17CHs), 1.1-1.8 (m, 34H,

min~. The decomposition temperature was defined as the temperature(CHs),P(CH,)17CHs). EIMS: m/e314 (M).

at which 10% weight loss was recorded by TG. The values estimated

are shown in the last column of Table 2.
The X-ray measurements for molecular alignment of the cationic
amphiphiles in a liquid-crystalline phase were performed using &l K

Didecyldimethylphosphonium Chloride (P-Cio).° The reaction of
decyl chloride (1.53 g, 8.66 mmol) wiffRAP-C1,(1.17 g, 5.78 mmol)
was carried out in the absence of solvent at 1&@0for 24 h under an
atmosphere of nitrogen. The product was dissolved in acetonitrile,

radiation from a 1.6 kW anode X-ray generator at the temperature at washed several times witithexane, and evaporated to dryness. The

which the samples show the liquid-crystalline phase (the seriestf
120°C; N-Cyq, 70 °C; N-Cy4, 60 °C; N-Cyg, 100°C). The structural

product was dried under vacuum and then purified by reprecipitation
of the dichloromethane solution into a large excess of diethyl ether

parameters for the liquid-crystalline phase of the samples are listed in and recrystallization from ethyl acetate (1.77 g) in 81% yiel#i-

Table 3.

Preparation. Diethyl chlorophosphite as a starting material was
supplied by Nippon Kagaku Kogyo and used without further purifica-
tion. Decyl bromide, tetradecyl bromide, octadecyl bromide, and their
chlorides (Tokyo Kasei) were purified by distillation under reduced

NMR (CDCly): 6 0.7—1.1 (br, 6H, PCHCH,)sCHa), 1.1-1.7 (m, 32H,
PCHy(CH,)sCHs), 2.18 (d, 6H,J = 14.0 Hz, P(Gla)2), 2.4-2.7 (m,
4H, P(H,(CH,)sCH3). FABMS (PI): m/e 343 (GHasP").
Dimethylditetradecylphosphonium Chloride (P-Ci4).° The title
compound was prepared similarly B3Cyo in 58% yield. 'H-NMR
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(CDCly): 6 0.8-1.1 (br, 6H, PCH(CH,):.CH3), 1.1-1.7 (m, 48H,
PCH,(CHy)1,.CHg), 2.18 (d, 6H,J = 14.0 Hz, P(El3),), 2.4-2.7 (m, P-Cy4
4H, PCH2(CHy)12CHs). FABMS (PI): m/e455 (GsoHesdPH).
Dimethyldioctadecylphosphonium Chloride (P-Gg).® P-Cigwas
synthesized similarly td-Cio in 12% vyield. *H-NMR (CDCly): ¢
0.8-1.1 (br, 6H, PCECH2)16CH3), 1.1-1.7 (m, 64H, PCH{CH,)16-
CHg), 2.18 (d, 6H,J = 14.0 Hz, P(®ls),), 2.4-2.7 (m, 4H, b’
PCH,(CH,)16CH3). FABMS (PI): m/e567 (GgHgoP").

Results and Discussion

Synthesis of TAP-G,. In general, the molecular design of
phosphonium salts is difficult in comparison with that of
quaternary ammonium salts, resulting from much less avail-
ability of phosphines as starting materials. To prepare the
phosphonium salts with double long alkyl chains which possess
the same structure as the common quaternary ammonium salts
having the thermotropic liquid-crystalline property, a simple
synthetic route of alkyldimethylphosphineEAP-C,) with a
long alkyl chain as starting materials is to be established.
Generally, the trialkylphosphines with different linear alkyl
chains can be derived from alkyl-substituted phosphorus chlo-
rides (e.g., RPGland RPCI) and phosphine derivatives (e.g.,
RPH; and RPH)1! These methods, however, are tedious and
result in poor overall yields, or require starting materials that
are not readily available or are difficult to handle. Therefore,
in this study, we used the diethyl chlorophosphite,{{§D).-

PCI) as the starting material which is commercially available Figure 3. DSC thermograms observed for the phosphonium salt
and synthesized the alkyldimethylphosphin@AR-C,) suc- P-C.i (a) second heating scan; (b), second cooling scapiiad
cessfully in two steps by the Grignard method with relatively N€ating scan; (b third cooling scan. Abbreviations: K, crystalline;

. . . - . Sa, smectic phase; |, isotropic phase.
high yields without side reactions.

In the first step, the intermediates @€0),PGH2n+1) were
prepared from diethyl chlorophosphite with 1 equiv of alkyl- N-Cy4
magnesium bromide below5 °C in THF. The overall reaction
was rapid and quite exothermic; therefore, freezing the reaction
mixture was necessary to maintain a temperature well below
—5°C. It was found by gas chromatographic analysis of the
samples which were freed of alkylmagnesium bromide that the
reaction was appreciably fast. Furthermore, it was observed
by the gas chromatographic analysis that the intermediates 21°C
((CoHs50),PGH2n+1) could be obtained quantitatively without
side reactions.

In this reaction, the intermediates (€0),PCHzn+1) could
not be isolated from the reaction mixture, being subjected to
the second step. Methylmagnesium bromide (2.5 equiv) was
used to prepare the dimethyl-substituted tertiary phosphines. This
reaction proceeded rather slowly without the occurrence of fast
and exothermic processes. The intermediates;H{O),-
PGHaznt1) converted to alkyldimethylphosphineIAP-C)
where conversion was in the range of-®5% (estimated by
gas chromatographic analysis). The conversion did not depend
on the chain length of the substituent. In other words, the steric
factor did not disturb the production of the alkyldimethylphos-
phines. TAP-C, were finally obtained in 6270% total yields.

Low yields seem to be attributed to isolation and distillation

techniques, becauseAP-C, readily converted to phosphine Temperature

g)e(lgaelfséno??]?gtacf)ovi\ﬂaz ?)I(;ir?[gd the distillation was difficult Figure 4. DSC _thermograms observed f_or the ammoniuml‘daﬂlm:
: (a) second heating scan; (b) second cooling scdnthied heating scan;

Thermodynamic Property of Phosphonium Salts. All the (b') third cooling scan. Abbreviations: K, crystalline;, 3mectic phase;
compounds used in this study exhibited the smectic A (S | isotropic phase.

phase. Figures 3 and 4 show typical DSC thermograms

observed for the phosphonium salt and the correspondingcorresponds to the crystalline (K) to, $hase transitionTs),

quaternary ammonium salt, respectively. For the series of the and the other corresponds to thg & isotropic (I) phase

phosphonium salt$XC,), we observed clearly two endothermic  transition {Ts). As shown in Table 2, in spite of the amphiphiles

events on heating (see Figure 3): one is due to melting which yithout rigid cores, the phosphonium salts exhibited a Aigh
(11) Kosolapoff, G. M.; Maier, LOrganic Phosphorus Compounds; (145_187°C)-. In addltlon, the PhOSPhon'Um S&HC10 showed

Wiley: New York, 1972; Vol. 1, pp 3277. the S\ phase in the considerably wide temperature range from

Endo <«— Exo

Temperature

Endo <«— Ex0
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Figure 5. TG thermograms of compounds with different heteroatoms
at a heating rate of 16C min~! in nitrogen atmosphere: (#-Cig;
(b) N-C14.

38 to 155°C. A similar trend was observed for the compounds
P-Ci4 and P-Cig. The entropy changeASs) at the & to |
phase transition for the compoun®sCig, P-Ci4, and P-Cig

was 6.8, 13, and 5.8 J K mol™, respectively. These results
clearly indicate that the phosphonium salts show a stable liquid-
crystalline phase and a simple phase transition behavior. In
particular, the compounB-C,4 with double tetradecyl groups

exhibited the most stable liquid-crystalline phases as evidenced

by the highests (187 °C), the widest temperature range of S
phases (119C), and the highest values 455 (13 J K-1 mol™?)
among the compounds examined.

In contrast to the phosphonium salts, the ammonium salts
with the same hydrophobic structure showed an indistinct or
multiple phase transition behavior. For example, in the DSC
thermogram obtained for the ammonium $&C,,4, both K—

Sa and S — | phase transitions occurred with a change in
baseline which shifted with temperature toward the endothermic
direction, indicating a change in the heat capacity (Figure 4).

The peak shapes were also more complicated than those of tht?3

corresponding phosphonium salt: two endothermic peaks (K
— Sa, on heating) and three exothermic peaks—<1Sa, on

cooling) were observed. These DSC peaks except the main peal&

could be attributed to the K= K and the S— S phase
transitions. Such complicated phase transition behavior was
observed only when the sample was heated slowly {C.0
min~1). When the ammonium sakt-C4 was subjected to the
DSC analysis at a scanning rate of 2C min!, DSC
thermograms showed only two peaks correspondirigiand

Ts) on heating and cooling, and no multiple phase transition
was observed. It was revealed that the phase transition behavio
of the ammonium salts is affected by the heating and the cooling

rates. In many studies on the phase transition behavior of the

ionic thermotropic liquid crystals, the DSC measurements have
been performed at a scanning rate of 10 6€5min~1. How-
ever, to evaluate strictly the thermal property of the ammonium

salts, it may be necessary to perform the DSC analysis at a

considerably low scanning rate.
Here, we need discussion if the indistinct phase transition of
N-Ci4 is ascribed to the intrinsic thermal property. It was

assumed that, during repeated heating scans, accumulation o

the impurity produced by thermal decomposition resulted in

changes in the phase transition behavior. This is unfavorable

for the precise evaluation of the phase transition behavior. By
comparing the DSC thermograms on the second and the thir

Kanazawa et al.

(150°C) in the DSC measurements. These results demonstrate
that the ammonium salt does not decompose on heating under
the present DSC analytical conditions. Although the influence
of the impurity contained slightly in the virgin sample @.6%)

on the thermal property is not understood exactly, it may be
concluded at the present stage that the multiple phase transition
of the ammonium salts is not due to the thermal decomposition,
but due to their intrinsic property. Practically, the similarK

K phase transition (or soligisolid transition) before melting into

the liquid-crystalline phase was observed also for the am-
phiphilic thermotropic liquid crystals such as quaternary am-
monium salt$, pyridinium salts'? and sodium salts of carboxylic
acids!® Furthermore, it was found that tig, and the liquid-
crystalline temperature range of the ammonium salts was much
lower and narrower than those of the phosphonium salts as
shown in Table 2. From the TG analyses, the phosphonium
salts were found also to be more heat resistant than the
ammonium salts (see Table 2 and Figure 5).

It is worth mentioning here that the most significant difference
in the thermotropic liquid-crystalline behavior between the
phosphonium salts and the quaternary ammonium salts was
observed for the analodgdC,4 andN-C,4 with an alkyl tail of
14 carbon atoms. As described above, the phosphonium salt
P-Cy4 showed the highedis, (187 °C) and the widest temper-
ature range of § phases (119C on heating) among all the
compounds examined, while the quaternary ammonium salt
N-C14 showed the lowesTs, (70 °C) and the narrowest liquid-
crystalline temperature range (22 on heating). The origin
of the superior liquid-crystalline behavior of the phosphonium
salts is not well understood at the present stage of research;
however, itis at least true that the positively-charged phosphorus
atoms play an important role in the formation of the liquid-
crystalline phases and enhancement of the thermal stability of
the liquid-crystalline phases.

Molecular Alignment Behavior in Liquid-Crystalline

hase. The molecular alignment behavior of the phosphonium
salts was explored at first by means of polarizing optical
microscopy. Figure 6 shows the optical textures of the
ompoundP-Cy4 observed in the sandwiched glass cell. The
dark region found in Figure 6a indicates that a homeotropic
structure was formed spontaneously. When the sample was
heated to a temperature higher thiynof the sample and then
gradually cooled to a temperature beloly, the uniform
homeotropic state was achieved in which the optical texture
was not observed. Application of a shearing stress to the glass
cell resulted in appearance of the smectic layers in which the
Conformational freedom of the long alkyl chains is enhanced
(Figure 6b). These results indicate that the phosphonium salts
show the smectic layers in which homeotropic structures are
formed spontaneously.

The quaternary ammonium and the pyridinium amphiphiles
are known to show a smectic or smectic-like character which
results from the chain-melting of the hydrophobic moiefi€s:1214
In such liquid-crystalline phases, even after the alkyl chains have
melted, the ionic bonding between a polar head and counter-

nions remains unchanged and free molecular motion of the
mphiphiles is prevented by the rigidity of the ionic layers owing

(12) (a) Sudhtter, E. J. R.; Engberts, J. B. F. N.; de Jeu, W.JHPhys.
Chem.1982 86, 1908-1913. (b) Bazuin, C. G.; Guillon, D.; Skoulios, A.;

dNicoud, J. -FLig. Cryst.1986 1, 181-188. (c) Bruce, D. W.; Estdale, S.;

Guillon, D.; Heinrich, B Lig. Cryst.1995 19, 301—-305. (d) Bowlas, C. J.;

scans shown in Figure 4, it is apparent that the thermogramsgryce, D. W.: Seddon, K. RChem. CommuriL996 1625-1626.
on the second heating and cooling are the same as those on the (13) Ubbelohde, A. R.; Michels, H. J.; Duruz, J.Nature 197Q 228

third heating and cooling. In addition, as shown in Figure 5,
thermal decomposition of the ammonium d8HC14 began at
above 155C which was higher than the upper temperature limit

50-52.
(14) (a) Somashekar, Rdol. Cryst. Lig. Cryst.1987, 146, 225-233.
(b) Nusselder, J. J. H.; Engberts, J. B. F. N.; Doren, H. ALM. Cryst.

1993 13, 213-225.



Novel Thermotropic Liquid Crystals J. Am. Chem. Soc., Vol. 119, No. 33, 19875

a K-S,

Intensity (a.u.)
| —

. Wiy
d C10 OHMA d=21.2A
Vil

20/ degree

b SA - I - SA (Sheanng Stress) Figure 7. X-ray diffraction pattern measured at 120 and schematic

illustration of molecular arrangement in the smectic A phase of the
phosphonium salts: (#)-Cig; (b) P-Cy4; (c) P-Cis; (®) dimethylphos-
phonium; ¢) alkyl chain.

internal order within a layer. Although the shapes of the broad
high-angle diffraction peaks were slightly different among the
samples, we estimated the average lateral area occupied by a
single phosphonium cation from the diffraction angle which was
taken as the peak top. The average distance betweenthe P
groups was 4.55, 4.96, and 4.93 A @iCy, P-C14, andP-Cyg,
respectively. Thus, the occupied area per polar headgroup was
found to be 20.7, 24.6, and 24.3 kolecule™® for P-Cyo, P-Cya,
andP-Cyg, respectively, which was calculated on the basis of
the simplest molecular arrangement (square array model). These
order-of-magnitude calculations allow us to explore the relation-
ship between the internal structure of the phosphonium ions

under crossed polarizers: (a) homeotropic alignment (dark region) at within a smectic layer and their thermqtroplc liquid-crystalline

120 °C after heating from the crystalline to liquid-crystalline phase; Pehavior. The values of the occupied area or the lateral

(b) texture obtained on application of shearing stress at°C28éfter molecular spacing described above were approximately the same

cooling from the isotropic to liquid-crystalline phase. not only as those oN-C,, but also as those of the ionic
thermotropic liquid crystals showing smectic character such as

to the ionic interaction between polar heads. The ionic aggre- quaternary ammonium saftspyridinium salts5a12aband metal

gation of the organic cations contributes to the formation of sajts of carboxylic acid® as reported previously. Unfortu-

the smectic layer structure. The phosphonium salts as cationicnately, the superior liquid-crystalline property of the phospho-

amphiphiles were also assumed to show the smectic characterpjum salts cannot be interpreted in terms of the occupied area

This prediction was verified by the X-ray diffraction analy3is of a molecule in the |iquid_crysta”ine phase_

(Table 3). The X-ray diffraction patterns observed for the phos-

phonium salts are shown in Figure 7. The smectic layer spacing Conclusions

calculated from the diffraction angle was 21.2, 28.1, and 35.6

A for P-Cio, P-Cy14 andP-Cyg, respectively. The calculated The phosphonium salts, which are structurally simple am-

molecular length in their most extended configuration was 11.1, phiphiles with positively-charged phosphorus atoms and with-

14.8, and 18.5 A foP-Cyg, P-Cy4, andP-Cyg, respectively, when  out rigid cores, showed a stable liquid-crystalline phase and a

the counteranion was not taken into account. The layer simple phase transition behavior in comparison with the

thickness determined by the X-ray measurement correspondsammonium analogs. These phase structures are characterized

roughly to a 2-fold molecular length of each phosphonium salt. as smectic A in which a homeotropic structure is formed

These results, therefore, suggest the packing model proposedpontaneously. The emergence of phosphonium ions possessing

in Figure 7, in which the phosphonium salts form a bilayer an advantageous feature as thermotropic liquid crystals has

structure in the § phase. A similar result was observed for generated a considerable interest and stimulated the research

the ammonium analogs, and there was no difference in the on the formation of supramolecular assembly including a liquid

molecular arrangement for the, $hase between the phospho-  crystal.

nium and the ammonium salts (see Table 3). This is evident

also from the fact that the values &fSs, of the ammonium JA9639590

salts were on the same order as those of the phosphonium salts: (15) (@) Plesko, S.; Phillips, M. L.: Cassell, R.: Jonas), Shem. Phys.

~ InFigure 7, the broad X-ray diffraction peaks were observed 1934 80, 5306-5813. (b) Busico, V.; Ferraro, A.; Vacatello, Miol. Cryst.
in the high-angle region, which contains information on the Lig. Cryst.1985 128 243-261.
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Figure 6. Optical textures observed for the phosphonium Ba@14




