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The solubility of phosphatidylcholine (PC) was studied by the spectroscopic analysis and
the measurement of the solubility. The qualitative analysis of infrared absorption spectra con-
firmed the existence of two types of hydrogen bondings between chloroform and PC, one be-
tween chloroform and the C=0 group of PC and the other between chloroform and the phos-
phorylcholine group of PC. The quantitative analysis of the C~D stretching vibration bands of
the chloroform-d solution of PC showed that the latter hydrogen bonding mainly contributes
to the solubility and that PC dissolves in chloroform to form a complex consisting of a few or
more molecules of chloroform and one molecule of PC. We discussed in this report about the
molecular organization of PC in chloroform solution.

1. Introduction

It is well known that phosphatidylcholine (PC) has high solubility in chloroform,
but few studies on its solubility and on the factor contributing to that have been
reported. Phospholipids are generally soluble in chlcroform. Comparing the solubil-
ity of phosphatidylethanolamine (PE) in chloroform to that of PC, PE containing
saturated fatty acids does not dissolve in chloroform [1]. On the other hand, PC
is easily soluble in chloroform independently of the chain length and the degree of
saturation of fatty acids. The difference of the solubilities is attributed to the
chemical structure of the head groups, phosphorylcholine and phosphorylethanol-
amine.

In this report, we verified the forr 3*ion of hydrogen bonding between PC and
chloroform by the analysis of infrared spectra and determined the number of chloro-
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form molecules bonded to PC by using the method described by the authors [2]. We
discussed the factor contributing to the solubility of PC in chloroform by the results
of spectroscopic analysis and the measurement of solubility.

I1. Experimental
A. Materials

PC (DL-a-dipalmitoylglycerylphosphorylcholine) was a commercial product
(Nutritional Biochemical Co. USA) and was used after the purification by column
chromatography to eliminate free fatty acids, lysophospratidylcholine and cther
contaminants and the recrystallization from chloroform—acetone in checking its
purity by thin layer chromatography. Palmitic acid (Kac Soap Co. LTD., Tokyo)
was used after the recrystallization from acetone three times in checking its purity
by gas chromatography. Chloroform and carbon tetrachloride of special giade were
purchased from Wako Pure Chemical Industries, LTD., Tokyo. Chloroform was
filtered through a column of activated alumina just before use. Chloroform-d was
purchased from Merk and Co. LTD., and was used without further purification.

B. Absorption measurcments of infrared spectra

The absorption spectra were recorded with the JASCO IR-G grating spectro-
meter under resolution of 1 cm™1. The spectra of the solution of PC were measured
with a KBr cell having a thickness of 0.1 mm. The thickness of the sample cell was
checked by the interfringe method.

The chloroform-d solutions containing PC in the concentration range from zero
to 0.371 moles per litre were prepared just before measurements by weighing PC
and chloroform in the sample flask. Since PC is very hygroscopic, it was dried over
phosphorous pentoxide in vacuo at 0.03 mm of Hg at 60°C for a few hours. Chlo-
roform-d was thoroughly dried with Molecular Sieves 3A (Nishio Industry Co. LTD.,
Tokyo) and the elimination of water from the chloroform-d solution was confirmed
by observing the infrared spectra with no band due to water near 3000 cm™ !
—4000 cm™!

The relative intensity of the absorption band is defined as

I=fy 7 f ( )d(lnv)

in the units of cm~!, where f; is a correction factor of the locai field effect [3],
lis a thickness of sample, I, energy of incident light, I energy of transmitted light
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and v frequency of iight. Here, f; is
= np
Ja (nz-, +2)2

where np is the refractive index of the solution. »

The refractive index np, and the specific gravity of the solution were measured
by Abbe’s refractometer and a picnometer, respectively, at the same time as the ab-
sorption measurements,

All the measurements were done at 20 + 2°C and the absorptlon spectra of the
C—D stretching vibration for the frequency region from 2500 cm™ 1 t6 2000 cm™
were measured with the resolution of 1 cm™! and the scar ning speed of 33.3 cm™
per min.

l

II1. Results and discussions

A. Formation of hydrogen bonding between chloroform and PC

Fig. 1 shows the spectra of PC in solutions of carbon tetrachloride, chloroform
and chloroform-d Itis seen from these spectra that the bands of 1207 cm™ ,
812cm™ and 656 cm™ m the chloroform solution and the bands of 2220 cm™1,
780 cm™! and 637 cm™1 in the chloroform-d solution are never observed in the
carbon tetrachloride solution. Since carbon tetrachloride has no hydrogen atom
to form hydrogen bonding and all these six bands exist near the fundamental
bands of chloroform or chloroform-d, it is clear that these six bands are attributed
to chloroform and chloroform-d in the bonded state showing remarkable changes
of frequency and intensity. The bands of 1207 cm~1, 812 cm—! and 656 cm~—! in
the chloroform solution are the C—H bending, the C—Cl; degenerated stretching
and the C——Cl symmetnc stretching vibrations and the bands of 2220 cm™ !,

780 cm™ and 637 cm™ ! in the chloroform-d solution are the C—D stretching,

the C—Cl; degenerated stretching and the C—Cl; symmetric stretching vibrations,
respectively. The band of the C—H stretching vibration in the bonded state can not
be observed due to overlapping with that of PC. These observations suggest the ex-
istence of hydrogen bonding between chloroform and PC. In comparison of the
C=0 stretching vibration bands of PC in fig. 1, the band of 1738 cm~! in the car-
bon tetrachloride solution appears at 1732 cm’1 in the chloroform or chloroform-d
solution. The shift of 6 cm~! to low frequency side suggests the existence of some

molecular interaction between the C=0 group of PC and chloroform or chloro-
form-d.

B. Properties of hydrogen bonding {qualitative analysis of infrared spéctra}

The formation of hydrogen bonding with PC molecule changes many funda-
mental band} of chloroform or chloroform»d Of these bands, the C—D stretch-
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Fig. 1. Infrared spectra of PC in solutions of carbon tetrachioride (A), chloroform (B) and chloro-
formd (C). PC concentrations are fixed about 5 weight percents and absorption from solvents
is completely cancelled out by putting solvents in the reference side.

ing vibration band of chloroform-d is the most appropriate for quantitative study
of hydrogen bonding, because it shows remarkable change due to hydrogen bond
formation and is well isolated from other absorption bands. The absorption spectra
of the chloroform-d solution of PC in the frequency region of 2500—-2000 cm™!
are shown in fig. 2. The C—D stretching vibration band of pure chloroform-d is
observed with a sharp band at 2254 cm™1 (fig. 2B). In the case of the chloroform-d
solution of PC, two bands at 2254 cm™! and 2214.5 cm™! are observed (fig. 2A).
The former corresponds to that of pure chloroform-d and the latter showing in-
creased intensity and band width and the large shift of 39.5 cm—1 to low frequency
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Fig. 2. Infrared spectra of chloroform-d solutions in the C-D stretching region. A: Infrared
spectra of chloroform-d solution of PC. PC concentration is 0.171 mole per litie. B: Infrared
spectra of pure chioroform-d. C: Infrared spectra of A. D: Infrared spectra of ¢ hloroform-d
solution of palmitic acid. Palmitic acid concentration is 0.19 moles per litre. In C and D, ab-
sorption from free chloroform-d is completely cancelled out by putting chloro orm-d in the
reference side.

side is attributed to that in the bonded state. Comparing the band wilth of

2254 cm™ ! of pure chloroform-d (fig. 2B) with that of the chlorofor n-d solution -
of PC (Fig. 2A),the latter is slightly larger than the former, from which we are able
to estimate another band in the bonded state near the free band at 2254 cin™~ -1,

The difference spectra of the chloroform-d solution of PC are also shown in
fig. 2 to confirm this estimation (fig. 2C). In this spectra another bonded band is
observed at 2256 cm—1 plus 2214.5 cm—1. The intensity and band width of the
bonded band of 2256 cm™! are not so large as that of 2214.5 cm™ -1 Consequently,
it is confirmed that there are at least two types of hydrogen bondmg l:etween
chloroform and PC molecule.

As described before, it is clear from the frequency shift of the C=0 stretchmg
vibration band of PC that there is some molecular interaction between the C=0
group of PC and chloroform. The difference spectra of the chloroform-d solution
of palmitic acid has the same bonded band at 2256 cm™ 1 as that of thv chloro-
form-d solution of PC (fig. 2D). Accordingly, the band of 2256 cm™ 1 is attribut.
ed to the formation of hydrogen bonding between the C"O group of I’C and chlo-
roform-d. On the other hand, the band of 2214.5 cm~ 1s due to the formation of
hydrogen bondmg between the phos;:horylcholine gxoup of PC and chl oroform-d
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In these two types of hydrogen bonding, the hydrogen bonding between the
phosphorylcholine group of PC and chloroform mainly contributes to the solubil-
ity of PC in chloroform. Phosphatidylethanolamine (PE) containing saturated fatty
acids does not dissolve in chloroform, although PE has the C=0 group. Therefore,
we studied the intensity and the properties of the hydrogen bonding between the
phosphorylcholine group of PC and chloroform-d by using the method reported by
the authors [2].

C. Quantitative analysis of spectral measurements

The absorption spectra of the chloroform-d solutions of PC in various concen-
trations in the frequency region of 2500~2000 cm™! are shown in fig. 3. For each
solution, we are able to determine the relative intensities of the C-D stretching
vibration bands in the free and the bonded state, / fi and Iy, respectively.

In table 1, we summarize the specific gravity, d, the refractive index, ny and
the molar concentration of chloroform-d and PC of the solution, Ccpei, and Cp,
where Copy, and Cp are calculated from the weight concentration and the den-
sity of the sofution.

Since the bonded band is separately observed from the free band in low frequency
side, we can directly determine the relative intensity of the C~D stretching vibration
band in the bonded state, / p- As for that in the free state, 7, we can not determine
it directly, because another bonded band between the C= group of PC and
chloroform-d is completely overlapped with the free band. Accordingly, 1}’ in table
2 contains the overlapping bonded band, and so it is indispensable to estimate the
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Fig. 3. Infrared spectra of chloroform-d solutions of PC in the C—D stretching region. The num-
ber on the absorption bands refers to the sample number in tables 1 and 2.
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Table 1 ‘ o
The observed values for the chioroform-d solutions of PC and the C—D stretching vibration

bands.

Sample Weight % d 1

number of PC "D CCDC13 Crc av(C-D) w3
1 0 1.48 1.4470 12.30 0 —_ —_
2 5.24 1.4468 1.4500 11.39 0.103 39.5 42
3 11.30 1.4251 14512 10.79 0.171 39.5 42
4 13.06 1.3981 1.4524 10.12 0.249 39.5 42
5 19.91 1.3675 14540 9.06 0.370  39.5 42

np is refractive index and d is specific gravity of the solution. CCpCl, and Cpc are the molar
concentrations of chloroform-d and PC of the solution in the units of mole per litre. -‘Av(C-D)_
and Au% are the frequency shift and the half band width of the bonded band in the units of cm 1

molar absorption coefficient of the C—D stretching vibration band in the bonded
state between the C=0 group of PC and chloroform-d to caiculate / from 1}'.
For this purpose, the absorption spectra of the chloroform-d solution of palmitic
acid were measured and the molar absorption coefficient was determined with the
assumption of 1 : 1 complex formation between the C=0 group and chloroform-d.
Using this value, we calculate the values of /, as shown in table 2.

The values of I7 or I g in table 2 are the products of If or [}, and f; where f,
is the correction factor to reduce the molar concentration of chloroform-d of the
solution to that of pure chloroform-d. As described in our report [2], by plotting
I ; against /,, at a series of concentrations, a straight line with a slope of —(I'y/T}y)
is generated so far as the absolute intensities in the free state, Iy and those in the
bonded state, I';, are constant over the concentration range employed. And so, we

can calculate I'r and T, from the slope of a straight line and the extrapolated value
of I7 atly =0.

Table 2

The results of quantitative analysis for the C—D stretching vibration bands of the chloroform-d
solutions of PC

» .
::zl::r l; If Iy fe lf I Cp n
1 1.316 1.316 0 1.00 1.316 0 0 —
2 1.218 1.115 0.632 1.100 1.227 0.695 0.69 6.7
3 1.168 0.997 1.009 1.177 1.173 1.188 1.10 6.4
4 1.132 0.883 1.327 1.278 1.128 1.696 1.44 5.8
) 1.067 0.697 1.597 1.479 1.031 2.360 1.74 4.7

As for the definition of 7 and 7*, see Ref. [2]. I% is an apparent relative intensity and /is
calculated from /¢ (see the text). fois 12.30/CCDCl and Cj, is the molar concentration of
chloroform-d in the bonded state (moles per litre). 7°is the number of chloroform-d molecules
bonded to one molecule of PC, Cp/Cpc. ' ‘
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Fig. 4.7 ; -1 g plot for chloroform-d and PC system (see table 2).

The plot of I versus /; for chloroform-d and PC system is shown in fig. 4. It
can be seen from the figure that a linear relationship exists between / f* and /, and
the values of I'y and I';, are 107 and 920, respectively. We are able to determine
the molar concentration of chloroform-d in the bonded state of the solution, Cp,
from I, and 7. Accordingly, the number of chloroform-d molecules bonded to
one molecule of PC, n, can be obtained from Cp and Cpc. The calculated values of
C}, and n are shown in table 2. It is concluded from table 2 that about 5—7 mole-
cules of chloroform-d and one molecule of PC form a complex in the solution.

The linear relationship between /7 and /, shows that the absolute intensities
in the free and bonded state, I'y, and Iy, are constant over the concentration range
employed. If the ratio of the absolute intensity, 'y, in the bonded state to the ab-
solute intensity, Iy, in the free state, Fb/l"f, can represent the strength of hydrogen
bonding between chloroform-d and the acceptor molecule, it is concluded that the
strength of hydrogen bonding between chloroform-d and the phosphorylcholine
group of PC is constant over the concentration range employed. This conclusion
dose not contradict with the fact that the frequency shift, —Av(C—D), and the
half band width, Au%, for the C—D stretching vibration band in the bonded state
are constant over the concentration range employed as shown in table 1. Although
we can not directly determine / f, itis at least concludec that PC molecule dissolves
in chloroform to form a complex consisting of a few molecules of chloroform and
one molecule of PC by hydrogen bonding.

The product of the intensity ratio, I';/T;, and the solvation numbesx, #, is an ap-
propriate measure to estimate the stabilization energy of an acceptor molecule
through hydrogen bonding formation in the solution. In the system of chloroform-d
and PC, the stabilization energy is about 40—60 and this value is nearly the same as
the values obtained for some surfactants and chloroform-d systems, S0—-100 [2].
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This_suggests that the stabilization energy througli ‘hydmge‘n bo’iidiﬁg formation be-
tween chloroform and the phosphorylcholine group of PC is the main factor con-
tributing to the solubility of PC in chloroform.

D. Solubility and molecular organization of PC in chloroform

The solubility curve of PC in chloroform is shown in fig. S. Two characteristic
properties of the solubility of PC in chloroform are observed in fig. 5. The first
property is that PC dissclves in chloroform at fairly low temperature when the
molar ratio of chloroform to PC is over 10, but it dose not dissolve at 60°C when
the molar ratio is below 6. The second property is that there is a critical solubility
temperature (CST) near —10°. The first can be explained by the spectroscopic
analysis of a complex formation consisting of a few molecules of chloroform and
one molecule of PC. As for the second, the existence of a CST is experimentally
confirmed in other systems by the authors [4], whiere we can observe a CST depend-
ing on the length of the alkyl chain using a series of alkylphosphorylcholines syn-
thesized by the authors. Consequently, it can be concluded that the existence of a
CST is a characteristic phenomenon observed in the solubilities of the compounds
carrying the phosphorylcholine group in chloroform. Comparing this phenomenon
with Kraft point observed in an aqueous solution of surfactants, the formation of
micelles in the chloroform solution has to be studied.

There have been many studies on the formation of PC micelles in benzene and
carbon tetrachloride [S—12]. In these studies, the structural organization of PC
micelles is confirmed as an inverted micelle with the polar head groups in the in-
terior of the micelle and hydrocarbon chains directed outward into the solvent and
the size of the micelle is so large as to be solubxhzed by many water molecules in the
interior of the micelle.
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Fig. 5. Solubility of PC in chloroform.
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But, as for the formation of PC micelles in chloroform, there have been few
definitive studies [13—18]. The inverted micelles as those in benzene and carbon
tetrachloride are reported in these studies, although their molecular organization
or their size is variable. Haque et al. [17] reported that 3 molecules of PC formed
a micelle in chloroform. From these studies and our results in this report, the pro-
perties of PC micelles in chloroform may be different from those in benzene and
carbon tetrachloride. If the aggregation of PC molecules exists in the chloroform
solution, the inverted micelles with the packed molecular organization might be
unfavorable and the number of aggregation might be too small. Because a few or
more molecules of chloroform are surrounding the PC molecule by two kinds of hy-
drogen bondings they may neutralize to some extent the polarity of the phosphoryl-
choline group. The experiments on these points with a series of alkylphosphoryl-
cholines carrying a different chain length will be reported later.
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