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Sorption of chloromethanes (CH2C12, CHCI3, and CC14) in copolymers of chloroprene with methyl methacrylate 
and methacrylic acid was studied using inverse gas chromatography and infra-red (i.r.) spectroscopy. The 
chromatographic study showed that introduction of ester and carboxylic side groups into main chains resulted in a 
selective increase of the solubility coefficient of chloroform and methylene dichloride, the solutes capable to form 
hydrogen bonds with proton acceptors in polymer. Heats of formation of hydrogen bonds were determined by 
comparison of the partial molar heats of mixing in these systems and in reference systems where hydrogen 
bonding is excluded. The shifts of maxima of i.r. bands belonging to CH2CI2 and CHCI3 and to C-O bonds of the 
copolymers confirmed the formation of hydrogen bonds. The variation of the solubility coefficients and the shifts 
of absorption bands indicated that hydrogen bonds formed by methylene dichloride are somewhat stronger than 
those formed by chloroform. © 1998 Published by Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Specific interactions in transport and sorption of  small 
molecules in polymeric membranes can impart additional 
permselectivity and possibly permeability to a polymeric 
membrane material. Enhanced permselect,vities of mem- 
branes in facilitated transport processes may serve as an 
evident manifestation and a benefit of thi:~ phenomenon ~. 
Although it is usually accepted that facilitated transport 
involves chemical reactions between a diffusing particle 
and fixed or mobile carriers within the membrane, whereas 
the solution-diffusion transport in common polymeric 
membranes is accompanied only by weak, van der Waals 
type interactions, in many cases it is difficult to establish a 
sharp boundary between these two extremities. Dipole-  
dipole and dipole-quadrupole interactions were assumed 
to take part in sorption and transport of such molecules as 
CO2 ~-4 and SO25. The role of  specific interactions, or in this 
case, hydrogen bonding, is especially well documented 
for sorption and transport of water in polymers 6. 

Frequently, evidence of specific interactions is sought 
and found in indirect manner, e.g. unusaally high perm- 
selectivity of transport, unexpected position of sorption 
isotherms and so on. Direct observations of specific 
interactions between a solute and reactive sites in polymers 
are very scarce in the literature (see for example refsT'~). 
Study of them by observation of behaviour of both solute 
and polymer counterparts of  the interactions may be useful 
as a first step in search for materials marked with enhanced 
permselectivity and maybe suitable for facilitated transport 
with fixed cmTiers. 

* To whom correspondence should be addressed 

In the present work, sorption of methylene dichloride and 
chloroform in copolymers of chloroprene, methyl meth- 
acrylate and methacrylic acid was studied using inverse gas 
chromatography (1GC) and infra-red (i,r.) spectroscopy, 
in the latter case by measuring the shifts of  spectral bands 
corresponding to solutes and polymers. 

EXPERIMENTAL 

The inverse gas chromatographic study was carried out 
using an LKhM 8MD instrument. Details on column 
preparation, deterrnination of polymer content on solid 
carrier, and corrections introduced in evaluating sorption 
parameters have been described elsewhere 9"m. The poly- 
mers were deposited on the surface of the Chromaton-W 
solid carrier. The content of polymer phase was in the 
range 7-13  wt%. The length of  the columns used was 1.2- 
2.0 m, their inner diameter 3 ram. Special experiments 
showed that the specific retention volume V~ did not 
depend on the content of polymer on the carrier, the flow 
rate of  carrier gas (helium) in the range 3 - 8  ml vain -~ and 
the size of solute sample. It could be concluded therefore, 
that V~ values measured by IGC and solubility coeffi- 
cients determined therefrom, are characteristic for bulk 
sorption in polymers, and contributions of  surface adsorp- 
tion are negligible. In other words, they correspond to 
initial parts of sorption isotherms or infinite dilution 
conditions. 

l.r. spectra of  sorbed methylene dichloride and chloro- 
form and of copolymers swollen in these solutes were 
obtained using a Specord-M-82 instrument in the range of 
wave numbers 400-4000  cm -~ 
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The chemical structure of  the random copolymers studied 
are shown below: 

- [CH2-C(C1)=CH-CH2-]m-[CH2-C(CH3)-]n-[-CH2C(CH3)-]p 
I I 

COOCII3 COOH 

Their preparation by means of emnlsion polymerization 
has been described elsewhere ~t. The following notation will 
be used for different compositions of  Ihe copolymers in this 
paper: polychloroprene, Pe P  (m = 1, n = p = 0), dual 
copolymer, DCP (m = 0.85, n = 0.15, p = 0), triple 
copolymers, TCPI.5 (m = 0.837, n --= 0.148, p = 0.015), 
TCP8 (m = 0.782, n = 0.138, p = 0.08). The glass transition 
temperature (Tu) of PCP as determined by differential 
scanning calorimetry (d.s.c.) was equal to -40°C,  and 
those of the copolymers varied fro:'n -28°C to -23°C,  
i.e. all the materials studied were in rubbery state. 
Polybutadiene (PB) of SKD type was also used as the 
'reference' solvent in determination of  the heats of 
hydrogen bonding in the copolymers by means of  IGC. 

RESULTS AND DISCUSSION 

Inverse gas chromatography 

In the temperature range 25-110°C, retention diagrams, 
or dependence of  log Vg versus reciprocal temperature, of 
methylene chloride, chloroform, and carbon tetrachloride, 
the latter being used as a reference solute, were obtained 
in PeP,  PB and the three copolymers. The solubility 
coefficients S can be determined ~2 vic the specific retention 
volume: 

S=(VJppo)exp[po/RT(2P~l -- VI)J ] (1) 

where B;~ is the second virial coefficient, P is the density of 
the polymer, V; is the molar volume of  the solute, and J is 
the correction for pressure drop along the column. 

Figures 1 and 2 show temperature dependencies of the 
solubility coefficients in P e P  and the copolymer DCP. In 
these and other cases the dependencies are linear showing 
that no phase transitions occur in the temperature range 
studied. A positive slope of  the lines indicates that heats of 
sorption AH~ are negative what is characteristic for sorption 
of  organic vapours in polymers. The values of AH.~ are given 
in Table 1. 

The sequence of variation of the solubility coefficients for 
the series CH2C12, CHCI3, CC14 in PCP is in agreement with 
the changes of  boiling points (Tb) or critical temperatures 
(T~.) of the solutes. It is known 13"14 that, for gas (vapour)-  
polymer systems without specific interactions, the solubility 
coefficients increase with increased Tb or T,. values. A 
variation of  the S values for solutes w'ith different T, values 
is but a manifestation of the dependencies of  S on Lennard- 
Jones energy parameter e/k of gases, the value being linearly 
related to T,, and Tb and can serve as a measure of intensity 
of  van der Waals interactions of various solutes with a given 
polymer. Hence, one can assume that sorption of the 
chloromethane series considered in PCP is not accompanied 
by marked specific interactions. It should be mentioned that 
the same order of the solubility coefficients for the CH2CI2- 
CHCI3-CCI4 series was observed in polybutadiene 9. 

A different order of variation of the solubility coefficients 
was observed for the copolymers of chloroprene. Figure 2 
shows that solubility coefficients of  chloroform in DCP are 
larger than those of carbon tetrachioride in spite of  much 
higher boiling point of  the latter. The same regularity was 
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Figure l Temperature dependence of solubility coefficients(cm3(STP)/ 
cm3atm) for chloromethanes in PCP (1, CH2C12; 2, CHCI3: 3, CCI4) 
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Figure 2 Temperature dependence of solubility coefficients(cm3(STP)/ 
cm3atm) for chloromethanes in DCP (1, CHzCI2; 2, CHela: 3, CC]4) 

Table 1 Heats of sorption AHs, kJ tool- 

Polymer Solute 

CC14 CHCI3 CH2C12 

PB 32.2 31.0 29.7 
PeP 30.1 30.6 27.6 
DCP 20.1 22.2 22.2 
TCP L,5 27.6 29.7 28.9 
TCPs 29.7 30.6 18.8 

observed for triple copolymers as can be seen from Table 2. 
It is evident that the introduction of  ester and carboxylic 
side groups into hydrocarbon main chain does not result, 
in the case of carbon tetrachloride, in significant variation 
of the S values. On the other band, solubility coefficients of 
CHC13 and CH2C12 increase significantly for the copoly- 
mers. It can be assumed that changed sequence of variation 
of the S values for the chloromethane series or the increase 
in S in the cases of CHC13 and CH2C12 are due to appearance 
of carbonyl containing side groups in the copolymers. It can 
be explained by additional interactions with proton donor 
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Table  2 Solubility coefficients S (cm3(STP)/cmLcmHg) in triple copolymers 

Copolymer Solute T = 298 K T = 323 K T = 353 K T = 383 K 

TCP t.5 CH 2C12 2.06 0.86 0.38 0.14 

CHCI3 3.95 2.01 0.71 0.33 

CCI4 3.32 1.70 0.67 0.32 

TCP s CH2CI 2 1.67 0.79 0.30 0.13 

CHC13 3.92 1.54 0.67 0.26 

CCI4 3.73 1.45 0.64 0.28 

Tab le  3 Excess heats of mixing for chloromethanes AH,~ (kJ mol -~) 

Polymer CH 2CI 2 CHCI 3 CCI 

PB O. 10 0.08 0.08 
PCP 0.22 0.30 0.98 
DCP 1.68 1.47 ¢.64 
TCP 1,5 0.77 1.67 3.36 
TCPs 1.30 0.52 3.75 

Tab le  4 Strength of hydrogen bonds in chloroprene copolymers 
A(Hm)A_ B (kJ tool -~) estimated with carbon tetrachlcride as the model 
solute 

H-donor PCP DCP TC P t,,s TCP s 

PB as 'reference' solvent 
CHCI3 - 0 , 6 8  - 3 . 2  - 1 . 7  - 3 . 2  
CH2C12 - 0 . 7 8  - 3 . 0  - 2 . 6  - 2 . 5  

PCP as 'reference'  solvent 
CHCI 3 - - 2 . 6  - 1.0 - 2 . 6  
CH_,C12 - - 2 . 2  - 1.8 - 1.7 

solutes, namely CH2CI2 and CHCI3, which could take place 
in the presence of ester and carboxylic groups. Such 
interactions or hydrogen bonding between these compounds 
and proton acceptors like acetone or dioxane, are well known 
in liquid solutions ~5. 

Hydrogen bonding should be reflected in heats of 
sorption. However, since heats of sorption from vapour 
phase can be presented as a sum 

AH,  = AH, + AH,~ (2) 

where absolute values of heats of condensation AH,. are 
usually much larger than partial molar heats of mixing 
A H m  at infinite dilution in rubbers 1°, the former can mask 
the effect of hydrogen bonding which should be exhibited 
in the latter. However the analysis of partial molar heats of 
mixing for different solutes allows to make an assessment 
of the strength of hydrogen bonds in polymer-solute sys- 
tems. The partial molar heat of sorption is defined as 

A Hm = R d [ l n (  at  / w  l )=l/d(1/T) (3) 

where ( a l / w l )  ~ is the activity coefficient of a solute in a 
polymer, which can be found by the equa:ion Iz 

I n ( a l / w l )  ~ = l n [ ( 2 7 3 R / V g p o M ) - p o ( B l l  - V I ) / R T ] ,  (4) 

where M is the molecular mass of the sol,ate. 
It was proposed t6 that energy of hydrogen bonding in 

solutions can be estimated, if the correclion for hydrogen 
bonding in pure solute was taken into account. It can be 
done provided the partial molar heat of mixing at infinite 
dilution is known for a solvent which is totally unable 
to form hydrogen bonds, e.g. aliphatic hydrocarbon. 
The same approach is applicable, as has been shown by 
DiPaola-Baranyi et  al.17, to sorption in polymers. 

Formation of hydrogen bonds in polymers usually takes 
place simultaneously with other interactions between 
solutes and polymers. A concentrations of the sites capable 
to hydrogen bonding can be low, as is the case in the 
copolymers studied, and therefore non-hydrogen bonding 
interactions such as dispersion forces and dipole-dipole 
interactions should be taken into account. Arnett et  al. 18 
considered various contributions to the measured thermo- 
dynamic parameters of sorption in liquid phase. They 
proposed to correct for non-specific interactions by choos- 
ing a suitable model solute and a reference solvent, for 
which the same sorption parameters were determined. 
Accordingly, an estimate of hydrogen bonding contribution 
can be obtained from 

( A U  '~" ( ~ t 2 ,  M - (~XH2, - ,, )a - B = -- A H m  )B,,~e A H ~  )Ref (5) 

where A, B, and M refer to 'acid' (proton donors or chloro- 
methanes), 'base' (proton acceptors or oxygen containing 
groups in polymer), and model solute, respectively. In this 
study, carbon tetrachloride served as the model solute, 
whereas polybutadiene was used as the 'reference' solvent. 
The partial molar heats of mixing are presented in T a b l e  3, 
whereas the estimates of hydrogen bonding contributions 
are given in T a b l e  4. 

It can be seen that 'strength' of hydrogen bonds formed 
by chloroform and methylene dichloride is approximately 
the same in all the copolymers. This seems to be an 
unexpected result because the former is often considered as 
a stronger proton donor. At any rate heats of hydrogen 
bonding of chloroform in liquid phase is somewhat higher ~9 

19 '~1 than those of methylene dichloride -" . It is noteworthy 
also that very weak hydrogen bondings are observed even 
in absence of ester or carboxylic groups, i.e. in the case of 
PCP. This can be related to the fact that chlorine atoms carry 
weak positive charge and are capable therefore to form 
hydrogen bonds with proton donors as it takes place in 
vapours of hydrogen chloride. However, hydrogen bondings 
are so weak in PCP that they do not disturb the order of 
variation of the solubility coefficients in the series CH2C12 
to CHCI3 t o  C C l 4 .  On the other hand, it should be noted 
that the 'strength' of hydrogen bonds in these systems is 
rather low, even for the systems including basic, oxygen 
containing sites. 

Alternatively, PCP instead of PB could be chosen as a 
'reference' solvent. Such a selection would not be very 
accurate for assessment of hydrogen bonding, because PCP 
behaves also as a weak 'base' ,  however it gives an idea of 
the direct contributions of methyl methacrylate and 
methacrylic acid moieties into formation of hydrogen 
bonds. Corresponding data are also shown in T a b l e  4. 

Let us compare the hydrogen bonding contributions 
found with those observed in other polymers or in liquid 
phase. DiPaola-Baranyi e t  a l . f7  has determined the same 
parameters for different solutes in poly(vinyl acetate) and 
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T a b l e  5 Strength of  hydrogen  bonds  in solutions AHa-R (kJ mol ~) 

Base CHCI3 H-donor  CH2C12 H-donor  Ref. 

Benzene - 7 . 1  - 7 . 1  19 
Toluene - 9 . 2  - 8 . 4  ~9 
Dioxane - 9 . 2  - 5 . 4  19 

21 
Dimethyl  ether - 10.0 
Dioctyl  ether - 10.0 - 6 . 3  2o 

T a b l e  6 Changes  in i.r. spectra  for  p o l y m e r - C H C I 3  systems 

Type  of  Pure ~olymer  Liquid CH C13 P o l y m e r - C H C l  
vibration (cm ) (cm -1) (cm 1) 

- C - O -  980  - 990  
1 1 0 5  - 1 1 2 0  

1125 - 1155 
- C  = O 1710 - 1730" 

1730 
- C  = C -  1650 - 1680 
CI ) C - H  - 3040 3030 ~' 

"A broad  band  with the m a x i m u m  at 1730 cm -~ 
~A strong increase in intensity of  this band  was observed 

ethylene-vinyl acetate copolymer with the vinyl acetate 
content of 18% w/w. For chloroform, the common solute 

rAH hb~ values were equal of  ref]  7 and this work, the t mJA-B 
tO --5.4 and - 4 . 2  kJ mol -t, respectively. Therefore, the 
decrease in concentration of oxygen containing groups leads 
to a reduction of hydrogen bonding contribution into the 
heat of sorption or mixing. The content of  methyl 
methacrylate and methacrylic acid comonomers in the 
materials studied in the present work is much lower, hence 
the results for vinyl acetate polymers are obviously in 
qualitative agreement with the values given in Table 4. 

Table 5 gives some literature data on hydrogen bonding 
in solution with participation of the same proton donors as in 
this work. The 'strength' of hydrogen bonds in liquid phase 
is somewhat higher than in polymer,;. However, in all the 
cases they can be considered as rather weak bonds, much 
weaker, for example, than those formed by water or 
methanol, for which corresponding values are in the range 
13-26 kJ mo1-122'a3. 

1. r. spectroscopy 
I.r, spectra of the samples of  DCP and TCP ~s swollen in 

liquid methylene dichloride and chloroform were studied. A 
comparison was made with the maxima positions and, to 
some extent, intensity of the bands in pure polymers and 
liquid solvents. Equilibrium sorption was achieved after 
overnight storage of films having faickness about 10/xm 
inserted in liquid phase. It amounted to about 15 %w/w of 
chloroform and 8% w/w of methylene dichloride in both 
DCP and TCP1.5. 

In the i.r. spectra of the films swollen in CHCI3, intensive 
bands corresponding to the solute at 680, and 760-  
800cm -~ (Vc-cl and 6cl-c-c0 and 1220cm 1 + (~H-Cl-C0, 
and 3030 cm -L (Vc H) are observed in addition to the bands 
characteristic for the polymers (Table 6). The latter band 
belonging to stretching vibrations of the C - H  bonds in 
CHCI3 is much more intensive than in liquid chloroform 
and is shifted somewhat (10 cm -I) to longer wave regions if 
compared with the spectrum of liquid chloroform. 

The spectra of the polymers swo]len in chloroform also 
reveal some changes in comparison with the spectra of  pure 
polymers. A significant shift (10-30  cm -I) to shorter waves 
is observed for all the absorption bands, which can be 

assigned to stretching vibrations of C - O  bonds and are 
situated at 9 5 0 - 1 2 0 0 c m  -I. According to the theory of 
vibration spectra 24, single C - O  bonds are revealed in the 
bands which are hardly characteristic and due to it are 
shown in the spectra as poorly resolved broad bands at 
950-1300  cm -~. In the case of the copolymers studied in 
this work, three bands can be considered as intrinsic, namely 
the bands at 980, 1105, and 1125 in the initial copolymers, 
and bands at 990, !120, and 1155 cm -~ in the materials 
sorbed CHCI3 (Table 6). A combination of  these two effects, 
which can be observed in the spectra of  the sorbed films, 
namely (1) strong increase in the intensity of the bands and 
(2) a shift of stretching C - H  vibrations in chloroform and a 
shift to shorter waves of the absorption C - O  bands of  the 
copolymers, is an unambiguous indication of  weak inter- 
actions, obviously hydrogen bonding, which take place 
between the solute (CHC13) and polar groups in the 
polymer. A similar interaction between hydrogen of  
chloroform and chlorine of the main chain of polychloro- 
prene cannot be excluded as well. There are some indirect 
indications of  it. First, inverse gas chromatographic studies 
proved some, though very weak hydrogen bonding with 
PCP, i.e. in the absence of  ester and carboxyl groups. 
Secondly, a shift of stretching C = C vibrations (1650 cm i 
in initial polymer and 1680cm -f in the films sorbed 
chloroform, as well as methylene chloride) can be 
interpreted as an evidence of such an interaction. Unfortu- 
nately, the stretching C - C I  bands of  the polymers cannot be 
observed due to overlapping with similar bands of  the 
solutes, however, the pattern of the spectra at 500-650  cm -~ 
(deformation vibrations at the angles with C-C1 bonds) is 
changed drastically after sorption. All this indicates some 
interaction between C - C I  bonds of  the polymers and the 
solutes. 

A pattern of  the absorption bands corresponding to 
stretching C = O vibrations is also changed after sorption of  
CHCI3: two bands at 1710 and 1730 cm -1 are seen in the 
spectrum of the initial copolymer, whereas one rather broad 
band with the maximum at 1730 cm -~ can be observed for 
the film containing sorbed CHCI3. An appearance of small 
splitting 1710 - 1730 cm -I in the spectrum of the initial 
polymer can be considered as an evidence of  some ordering 
(like crystallinity), which is destroyed after contact with the 
solute. On the other hand, an absence of any shift of  C ---- O 
bonds in the films sorbed CHC13 evidences that the 
interaction between chloroform and this bond is either too 
weak to be observed or is absent at all. 

The results of  the spectral study of the films with 
absorbed methylene dichloride are very similar and, in some 
aspects, even more dramatic. Thus, the shift of Vc o bands in 
the polymer at 1015, 1130, 1170 cm -1, is expressed even 
better than in the case of sorption of chloroform• For the 
Vc=o bands a marked shift to higher frequencies can be 
noted, such as that this band is situated at 1750 cm 1 instead 
of 1730 cm -~ as in the case of sorption of chloroform (see 
Table 7). The bands corresponding to stretching vibrations 
of C - H  bonds of sorbed methylene dichloride are strongly 
split: 2990, 3000, 3020, and 3070 cm -I instead of two 
bands at 3050 and 2986 c m  - I  in pure liquid CH2C12. All 
this can be interpreted as evidence of stronger interaction 
of CH2C12 and polymer, if compared with sorption of 
CHCI 3. 

At present, only a hypothesis can be advanced to explain 
• 15 this result. It ts accepted - that the strongest hydrogen bonds 

are formed when the angle between 'acid' ,  proton, and 
'base' is equal to 180 ° or the complex has the linear 
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Table 7 Changes in i.r, spectra for polymer-CH2Cl2 systems 

Type of Pure £01ymer Liquid CH 2C12 Polymer-CH 2C12 
vibration (cm-3 (cm-I) (cm- l) 

- C - O -  980 - 1015 
1105 - 1130 
1125 - 1170 

-C = O 1710 - 1750 
1730 

-C = C-  1650 - 1680 
CI2HC-H - 2986 2990 

3050 3000 
3020 
3070 

structure. Therefore only one hydrogen atora in the CH2C12 
molecule can participate in hydrogen bonding, whereas the 
other is too far fi;om the oxygen atom. Since electron density 
shifts from the hydrogen atom (or its acidity) in chloroform 
should be stronger than in methylene dichloride, it will be 
only natural to expect an opposite situation, i.e. stronger 
interaction with chloroform. A possible explanation of this 
controversy can be achieved if one assumes that nonlinear 
complexes are tormed in the case of methslene dichloride, 
in contrast to linear ones when chloroform forms hydrogen 
bonds. Thus according to Luck 25 the dimers of cyclohexane- 
oxims have a structure of substituted four-member cycles 
formed by two hydrogen bonds. In these diraers the angle of 
hydrogen bonding 0 is equal to 49 °. Probably for such 
configuration of hydrogen bonding a decrease in local 
interaction energy is compensated by troubling of the 
hydrogen bonds formed. 

Qualitatively, very similar results were obtained for the 
copolymer TCP8 with sorbed chloroform and methylene 
dichloride. However the presence of noticeable quantities of 
methacrylic acid in the material makes the ~'c 0 and ~'c=o 
much more complicated, because of which these results are 
not considered here. 

It would be very attractive to deduce energy of the 
formation of hydrogen bonds proceeding from the spectral 
shifts of corresponding bands. Indeed such correlation have 
been considered ~5 in the literature. However, as logansen 26 
has demonstrated, these correlations are often nonlinear, 
and hence the estimates, which can be made are very 
approximate. The only although qualitative conclusion 
which can be made here is that hydrogen bonds formed by 
CH2C12 are stronger than the ones formed by CHCI3. 

CONCLUSIONS 

Thus, the comparison of the i.r. spectra of pure compo- 
n e n t s - b o t h  the polymers containing es:er and carboxyl 
groups and the solutes (CHC13 and CH2C12), and of the films 
containing these solvents, agrees with an assumption of 
formation of hydrogen bonds during sorption and transport 
of these molecules in chloroprene copolymers. It is 

noteworthy that a good agreement between independent 
results of IGC and i.r. spectroscopy was achieved: in both 
cases evidence of somewhat stronger hydrogen bonds 
formed by CH2C12 was obtained. In the IGC experiment 
they were reflected in larger changes of the solubility 
coefficients of CH2C12, i.r. spectroscopy revealed larger 
shifts of spectral lines. Although a level of variation of the 
solubility coefficient due to hydrogen bonding, the heats of 
their formation in the systems investigated, and spectral 
shifts observed are not very large, this result seems to 
demonstrate that even not very large concentrations of 
proton acceptors can cause significant variation in thermo- 
dynamic parameters of interaction during sorption and 
transport. Possibly it would be more rewarding in future 
to look for the systems with stronger donor-acceptor 
interactions. 
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