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CHROMATOGRAPHIC STUDY OF INTERACTIONS BETWEEN 
N,N-DISUBSTITUTED POLYP.CRYLAtlIDES AND PirENOLS 

COMFAPISON WITH INFRARED SPECTROSCOPIC DATA. 

b Richard Barbes ( a ) J  Roland Audebert fb)" nnd Ctaude QuivoronI I 

I n )  Waters Associates, 18,  rue Goubet, 75019 - P a r i s ,  France. 
i ) Laboratoire de Physico-Chim'e i"!acromol6cuLaire, ESFCI - b 

10, rue Vauquelin - 75231 P&s Cedes 05, France. 

ABSTRACT 

The de terminat ion  o f  r e t e n t i o n  da ta  by l i q u i d  chromatography 
(LC). f o r  a se r ies  o f  p -subs t i t u ted  phenols on va r ious  packings 
formed w i t h  N,N-disubst i tuted polyacrylamides, permi ts  c h a r a c t e r i -  
z a t i o n  o f  polymer-solute i n t e r a c t i o n s  which govern the  p a r t i t i o n  
o f  phenols between the  mob i le  and the  s t a t i o n a r y  phases. The p a r t i -  
t i o n  c o e f f i c i e n t ,  K . ,  changes w i t h  the  na ture  o f  t he  polymer, and 
ir lcreases w i t h  the bhenol ic a c i d i t y .  We propose a l i n e a r  r e l a t i o n -  
s h i p  between Ki and the  cornplexation cons tan t  o f  phenol-arnide hydro- 
gen bond, determined by i n f r a r e d  spectroscopy. Th is  r e l a t i o n s h i p  has 
been qua1 i t a t i v e l y  checked. 

INTRODUCT IOF! 

For many years, chromatographic techniques have been proposed 

t o  cha rac te r i ze  polymer -" small  molecule" mol ecul  a r  i n t e r a c t i o n s  . 
For t h a t  purpose, t h e  polymer i s  used as s t a t i o n a r y  phase. The r e t e n -  
t i o n  volume f o r  a so lu te  increases as i t s  i n t e r a c t i o n  w i t h  the  s ta -  

t i o n a r y  phase ( t h e  polymer) i s  increased the  measurement o f  r e t e n t i o n  
data f o r  i d e n t i c a l  chromatographic cond i t i ons ,  leads t o  the  es t ima t ion  

(") Author t o  whom correspondence should be adressed. 
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166 BARBES, AUDEBERT, AND QUIVORON 

of  s ta t ionary phase-solute interact ion.  
) t o  

measure the Flory-Huggins' in teract ion parameter. However, t h i s  
technique i s  limited t o  polymers which are  l iquid a t  the experimental 
temperature. This limi ta t ion does not e x i s t  i n  1 iquid chromatography 
whenever a solvent tha t  swells the polymer i s  used. We f i r s t  de te r -  
mined  how to f i x  the polymer to  an i n e r t  support and then examined 
the influence of flow ra t e  and injected quant i ty .  Finally,  we ca l -  
cul ated pol yrner-small molecule c lass ica l  thermodynamic parameters 
from the chromatographic data .  

We have tested t h i s  general methodology by studying the chro- 
matographic retentions of  a se r ies  o f  p-substi tuted phenols ( I )  
i n  carbon te t rachlor ide on the poly-N,N-dihexylacrylamide (PPIHA)  
and on the polyacrylopiperidide (PAP) as LC s ta t ionary phases. The 

1-4 T h i s  method was f i r s t  used w i t h  gas chromatography ( 

synthesis of these polymers i s  described elsewhere ( 5-7) . 

3l PNHA = N ( C H 2 ) 5  CH c 
F'O 

(1) R 
/ C H 2  - cH2\CH 

0 2  Z CH3,  OHC3, H ,  C1 PAP = N, 
C H 2  - CH2 

Solute-stationary phase interact lons are characterized, i n  
HPLC, by the phenol par t i t ion  coef f ic ien t ,  Ki between the mobile 
and the stationary phases. K i  can be writ ten : 

VR 0 V, + K i  . vS 

V o  : i n t e r s t i t i a l  volume, 
V, : volume o f  the stationary phase. 

We have compared the polymer-phenol interact ion data obtained by 
HPLC w i t h  those determined by infrared spectroscopy ( ) .  This 7 
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N,N-DISUBSTITUTED POLYACRYLAMDES AM) PHENOLS 16 7 

approach al lowed us t o  q u a n t i t a t i v e l y  est imated t h e  s p e c i f i c  p a r t  
o f  hydrogen bonds i n  the  molecu la r  i n t e r a c t i o n s  i nvo l ved  i n  t h e  
chromatographic re ten t i ons .  

PREPARATION OF THE CHROMATOGRAPHIC PACKINGS 

Each packing i s  composed o f  a f i l m  o f  polymer, c ross- l inked 
onto an i n e r t  support,  so as t o  avoid a washing away o f  t he  s t a -  
t i o n a r y  phase by the  mob i le  phase. We used a s i l i c a  support,  
Chromosorb, ac id  washed, 100-200 mesh i n  p a r t i c l e  s i z e ,  f rom 
In te rsmat  ( 8 1. 

Before use, t he  packing was t r e a t e d  w i t h  t r i m e t h y l c h l o r o s i l a n e  
t o  e l i m i n a t e  the  s i l a n o l  groups which are  able t o  induce p a r a s i t i c  
r e t e n t i o n s .  The t rea ted  support  was suspended i n  benzene. Th is  
so l ven t  con ta ins  the  polymer and a c r o s s - l i n k i n g  reagent  (benzoyl 
:eroxide). Solvent evaporat ion r e s u l t s  i n  a homogeneous l a y e r  o f  
polymer and peroxide on t h e  s i l i c a  p a r t i c l e s .  The p a r t i c l e s  a re  
then heated under n i t rogen  a t  100°C f o r  15 hours. A f t e r  t h i s  ope- 
r a t i o n  the  non-cross-l inked polymer i s  washed away by soxh le t  
e x t r a c t i o n  i n  carbon t e t r a c h l o r i d e .  The amount o f  c ross - l i nked  
polymer on the s i l i c a  p a r t i c l e s  was determined by thermogravimetry 
and t h i s  impregnation r a t e  i s  a f u n c t i o n  o f  t he  p repara t i on  cond i -  
t i ons ,  more s p e c i f i c a l l y  o f  t h e  r a t i o s  : 

1 = polymer weight/support  weight 
2 = c r o s s - l i n k i n g  reagent weight lpolymer weight.  

We have va r ied  r a t i o  1 between 0 and 209; and r a t i o  2 between 0 and 
8%. We observed a maximum impregnat ion r a t e  o f  4,4%. By t h e  va ry ing  
o f  1 and 2, i t  was poss ib le  t o  ob ta in  the  same impregnat ion r a t e ,  
b u t  w i t h  d i f f e r e n t  c r o s s - l i n k i n g  o f  t h e  network. 

INFLUENCE OF SOME EXPERIMENTAL PARAMETERS 

- Ins t rumenta t ion  

A Waters l i q u i d  chromatograph equipped w i t h  an M6000A pump, a 
U6K i n j e c t o r  and an M440 UV de tec to r  a t  280 nm, was used f o r  these 
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N,N-DISUBSTITUTED POLYACRYLAMIDES AND PHENOLS 169 

The p a r t i t i o n  c o e f f i c i e n t ,  Ki, de f i ned  by equat ion  ( 1 ) ,  i s  equal 
t o  t h e  r a t i o  Cls/Cim where : 
Cis i s  t h e  s o l u t e  concent ra t ion  i n  t h e  s t a t i o n a r y  phase ; Cim, t he  
so lu te  concent ra t ion  i n  t h e  mob i le  phase. 
K .  i s  n o t  s t r i c t l y  independent o f  t he  weight o f  t h e  i n j e c t e d  s o l u t e  

I n  our case, we observed a l a r g e  decrease o f  VR by inc reas ing  
the  weight o f  phenol. However, f o r  a s o l u t e  i n j e c t i o n  o f  l ess  than 
10-5g, we no longer  no t i ced  v a r i a t i o n  o f  t h e  r e t e n t i o n  volume ; t h a t  
can be considered as the  r e t e n t i o n  volume f o r  a s o l u t e  a t  the i n f i n i t e  
d i l u t i o n  cond i t ions .  We r o u t i n e l y  used these cond i t i ons  f o r  our  
measurements . 
- In f luence o f  t h e  impregnation r a t e  and degree of c r o s s - l i n k i n g  of  

the  s t a t i o n a r y  Dhase 

Under our experimental cond i t i ons  ( impregnation r a t e  between 1 
and 4,4%). Ki i s  independent o f  t he  impregnat ion r a t e  and o f  t h e  
degree o f  c r o s s - l i n k i n g  o f  t he  s t a t i o n a r y  phase. Th is  r e s u l t  shows 
t h a t ,  i n  the  cond i t i ons  used i n  our work t h e  support  does n o t  induce 
no tab le  p a r a s i t i c  r e t e n t i o n .  

EXPERIMENTAL RESULTS 

The p a r t i  t i o n  c o e f f i c i e n t ,  Ki, i s  measured from the  r e l a t i o n s h i p  

m = weight o f  the  s t a t i o n a r y  phase ; p s  = s p e c i f i c  weight o f  the  
s t a t i o n a r y  phase, determined by pycnometry. The values o f  t h e  pa r -  
ti t i o n  c o e f f i c i e n t s  f o r  several  phenols between the  mob i le  phase 
(carbon t e t r a c h l o r i d e )  and the  s t a t i o n a r y  phase (poly-N,N-disubst i  - 
t u t e d  acrylamide) are repor ted  i n  TJLI; 1. These values are  average 
values determined f o r  experiments performed w i t h  f o u r  d i f f e r e n t  s t a -  
t i o n a r y  phases. ( v a r i a b l e  m S ) .  

Measurement r e p r o d u c i b i l i t y  i s  exce l l en t ,  b u t  t he  eva lua t i on  o f  
e r r o r s  brought about by t h e  var ious  parameters and the  necessary 
ex t rapo la t i ons  l e d  us t o  a p rec i s ion  o f  about 20% f o r  the  Ki values. 
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170 BARBES, AIJDEBERT, AND QUIVORON 

DISCUSSION 

- Inf luence of t he  phenol a c i d i t y  on the  p a r t i t i o n  c o e f f i c i e n t  

The a f f i n i t y  of  phenols fo r  t he  s t a t i o n a r y  phase v a r i e s  as 

t h e  corresponding Ki values (Table 1). For t h e  two polymers s tud ied ,  

t he  order  o f  i nc reas ing  so lu te  a f f i n i t y  i s  : 

p .methyl phenol < p .methoxy-phenol < phenol < p .chlorophenol < 

p.cyano and p.nitropheno1. (For t h e  two l a s t  phenols, t he  r e t r n -  

t i o n  volumes are  ve ry  l a rge ,  so they  a re  e l u t e d  a f t e r  a l o n g  t ime 
and t h e i r  de tec t i on  i s  imprec ise) .  This o rder  i s  i d e n t i c a l  t o  the 

one obtained when phenols are c l a s s i f i e d  i n  o rde r  o f  t h e i r  i nc reas ing  

a c i d i t i e s  ( ) o r  by t h e i r  p ro ton  donor c h a r a c t e r i s t i c s  ( 
Fig.2 shows the  l i n e a r  r e l a t i o n s h i p s  we observed, f o r  t he  two p o l y -  

mers, between l o g  Ki and the  pKa values o f  t h e  phenols. 

12 13- 14 
) .  

- In f l uence  o f  t he  na ture  o f  the  polymeric s t a t i o n a r y  phase 

For a l l  the phenols we studied, t h e i r  p a r t i t i o n  c o e f f i c i e n t s  

between a po ly  d i s u b s t i t u t e d  acrylamide and carbon t e t r a c h l o r i d e  
are about f i v e  t imes h igher  w i t h  p o l y a c r y l o p i p e r i d i d e  (PAP) than 

w i t h  poly-N,Ndihexylacrylamide (PNAH) (see Table 1). 

represent  the volume o f  t he  deposi ted polymer on the  i n e r t  support ,  
b u t  the  volume o f  the  polymer swo l len  by carbon t e t r a c h l o r i d e .  
Consequently, i t  i s  n o t  poss ib le  t o  d i r e c t l y  compare the  two p o l y -  

mers except i f  they a r e  swol len i n  the  same manner by the  mob i le  

phase. 

are very s i m i l a r  however the K i  values.higher f o r  the PAP than for  the  

PNAH,are s i g n i f i c a n t l y  cons i s ten t  w i t h  a s t ronger  i n t e r a c t i o n  w i t h  
phenol ( ) .  

However, i n  the  r e l a t i o n s h i p  Ki = ( V R  - V o ) / V s ,  V s  does n o t  

In  t he  present case, the chemical s t r u c t u r e s  o f  t he  two polymers 

7 

- Re la t i onsh ip  between Ki and the  c m p l e x a t i o n  cons tan t  measured by 

i n f r a r e d  spectroscopy 

Spectroscopic techniques, e s p e c i a l l y  i n f r a r e d  spectroscopy, a re  
now c l a s s i c a l  methods f o r  s tudy ing  so lu te -so l ven t  s p e c i f i c  i n t e r -  
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N,N-DISUBSTITUTED POLYACRYLAMIDES AND PHENOLS 171 

I * 
2.3 2.5 2.7 2.9 log Ki 

Figure 2 : Relat ionship between Log KI and pKA. 
0: poly  N,N-hexyl acrylamide ; 
0: polyacry lop iper id ide ; 
1 : p.methylpheno1 ; 1 : p.methoxypheno1 : 3 : phenol ; 

4 : p .  chlorophenol. 

act ions i n  d i l u t e  so lu t i on  ( I5-l6). On the other hand, chromatogra- 

ph ic  methods provide the p o s s i b i l i t y  t o  measure global  i n te rac t i ons  
between compounds. 

For the systems we have studied, the polyacrylamide-phenol i n t e r -  

ac t i on  i s  characterized by a hydrogen bond between the phenol hydoxyl 
and the carbonyl of the amide function. The study o f  absorption spectra 

7 o f  the OH s t re t ch ing  v i b r a t i o n  ( ) form d i l u t e  so lut ions i n  carbon 

te t rach lo r i de  allowed us t o  ca lcu late hydrogen bond complexation 
constants which w i l l  be compared here w i t h  the corresponding Ki 
values. 

- Thermodynamic aspect 

I n  a complexation equ i l i b r i um between a proton donor D and an 
acceptor A, leading t o  a hydrogen bond complex AD : 

A + D  - A D  
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172 BARBES, AUDEBERT, AND QUIVORON 

The e q u i l i b r i u m  constant can be w r i t t e n  : 

xA, xD, xAD and yA, yD, yAD are, respec t i ve l y ,  t he  molar f r a c t i o n s  and 
the  a c t i v i t y  c o e f f i c i e n t s  o f  t he  corresponding compounds (molar f r a c -  
t i o n s  f o r  the polymer are expressed w i t h  respec t  t o  i t s  monomer u n i t ) .  

Th is  K constant i s  t he  thenodynamic e q u i l i b r i u m  cons tan t  and i s  
independent o f  concent ra t ion .  

By i n f r a r e d  spectroscopy, we have determined ( ) the  "apparent 
constants" K1 : 

7 

The a c t i v i t y  c o e f f i c i e n t s  and, as a r e s u l t ,  K1, a re  dependent upon 
the  concentrat ions o f  t he  present species. 

s t i t u t e d  acrylamides and D, one o f  t he  phenols. The phenol concentra- 
t i o n  i s  always lower than 5.10-3 m o l e / l i t e r  and the  a c t i v i t y  c o e f f i c i e n t s  
o f  D and AD can then be considered t o  be equal t o  yD and y i D  

(phenol and canplex a c t i v i t y  c o e f f i c i e n t s  taken a t  i n f i n i t e  
d i l u t i o n ) .  I n  t h a t  case : 

I n  our spectroscopic experiments, A i s  one o f  the po ly  N,N-disub- 

For a given donor-acceptor couple, the constant,  K1, i s  

dependent upon yA, through the  acceptor a c t i v i t y  c o e f f i c i e n t .  
Because of the  absorbance o f  polyacrylamides i n  the 3,700-3,500 cm'l 
range, K1 can be detennined by IR spectroscopy o n l y  f o r  low con- 
cen t ra t i ons  o f  polymers ( xA  i n  t h e  range 2 

equ i l i b r i um occurs i n  the  s t a t i o n a r y  phase and the  r e l a t i o n  ( 2 )  
takes the form : 

- 
I n  the  c h r a a t o g r a p h i c  experiments, t he  same donor-acceptor 
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N,N-DISUBSTITUTED POLYACRYLAUIDES AND PHENOLS 17 3 

( s u b s c r i p t  s i s  assigned t o  species i n  the  s t a t i o n a r y  phase). 

c o n s t i t u e n t  as i n f i n i t e l y  d i l u t e d  : 

A s  the  q u a n t i t i e s  o f  so lu te  D are  low, we can cons ider  t h i s  

Th is  l a s t  r e l a t i o n s h i p  can be w r i t t e n  : 

( A D ) S  and ( D ) ,  are  the  concent ra t ions  o f  t he  species AD and D i n  

t he  s t a t i o n a r y  phase. 

We a l so  have t o  consider the p a r t i t i o n  e q u i l i b r i u m  o f  t h e  
donor between the  mob i le  and the  stat ionaryphases : 

D (Mobi le phase) Z D ( s t a t i o n a r y  phase) 

The corresponding constant,  i n  h igh  d i l u t i o n  cond i t i ons ,  i s  : 

( s u b s c r i p t  rn r e f e r s  t o  the  mobi le phase). 
Hence : 

The bas ic  r e l a t i o n s h i p  i n  l i q u i d  chromatography i s  : 

t o t a l  concent ra t ion  o f  the  D species i n  the  s t a t i o n a r y  phase v =v +v Q 0 s ' t o t a l  concent ra t ion  o t  t he  D Species i n  the  mob1 l e  phase 
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174 BARBES, AUDEBERT, AND QUIVORON 

As the total concentration o f  the D species in the s t a t i o n a r y  
phase i s  (D)S t (AD) ,  : 

( D I S  + (AD) ,  

( D ) m  
V R  vo + v, . 

or : 

by expressing the ratios 
( 3 )  and ( 4 )  : 

(AD)s through re1 a t i  ons h i ps 

r C  the polymer concentration in the solutions used for the spec- 
troscopic study i s  identical t o  the swollen polymer concentration in 
the stationary phase : yA(relation ( 2 ) )  i s  identical t o  Y ~ , ~  (relation 
( 3 ) )  and  hence : 

3 s  K1 x ~ , ~  i s  generally much greater t h a n  1 ,  we can write : 

I n  this las t  relationship, V, i s  the volume of  the polymer 
swollen by the eluent. I f  the densities of  the polymer and the 
solvent are close t o  each other and i f  the molecular weights of the 
solvent and the polymer unit are also close t o  each other we can 
combine the weight fraction and the molar fraction o f  the polymer : 

'A,s 
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N, N-DISU~STITUTED POLYACRYLAMIDES AND PHENOLS 175 

(ms i s  the polymer weight i n  the column, p s ,  i t s  specif ic  weight).  
In these conditions, the experimental value : 

(VR - vo) 
* p s  K i  = 

determined by 1 iquid chranatography, can be d i r ec t ly  correlated w i t h  
the K1 value calculated from spectroscopic data  : 

This re la t ionship demonstrates t h a t  there i s  a proportional i ' ty 

between the corresponding Ki and K1 values measured by both methods. 

The r a t i o  of the "free"  phenol concentrations i n  the s t a -  
t ionary and the mobile phases : 

characterizes the  interact ions other than the hydrogen bond i n t e r -  
actions.As a r e su l t ,  the to ta l  constant,  K i ,  measured by chranato- 
graphy, can be divided into two constants : one characterizing 
the hydrogen bond interact ions ( Ki determined by spectroscopy) ; 

the  other k' corresponding t o  the non-specific molecular i n t e r -  
actions : 

We have found a re la t ionship close t o  the ones proposed previously 
f o r  the comparative study of complexation by spectroscopy and gas 
chranatography ( ) .  1-3 

- Experimental ver i f icat ion of the K I A i  correlat ion 

The.values of the complexation constants K1 and of the 
par t i t ion  coef f ic ien ts  K, , f o r  the phenol/polymer systems we 
studied are sumnarized I n  Table 1. 
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Polymer Constant 

TABLE 1 

P H E N O L  
p.methy1 p.methoxy phenol p.chloro 

390 770 i 420 420 
140 160 

2 70 450 530 85 0 
580 700 830 2,040 

K1 
K i  

P A P  

Comparison between the  complexation constants measured 

by IR spectroscopy (K1) and the  p a r t i t i o n  c o e f f i c i e n t s  
determined by chromatography ( Ki) . 

From the  above ca l cu la t i ons ,  a l i n e a r  r e l a t i o n s h i p  must e x i s t ,  

f o r  a g iven polymer, between l o g  K1 and l o g  Ki, i f  the  polymer-phe- 
no1 i n t e r a c t i o n s  d i f f e r e n t  from hydrogen bonds do n o t  depend on the  
na ture  o f  t h e  var ious  phenols. That c o r r e l a t i o n  f o r  the  two polymers 
( f i g .  3 )  i s  f a i r l y  good, except f o r  t he  p,methyl phenol which has an 

aber ran t  behaviour (which i s  a l so  observed by p l o t t i n g  l o g  K1 versus 

pKA ( 5 s 7 ) .  I n  a l l  the cases s tud ied ,  K 1  i s  greater  than k '  ; t h i s  
f a c t  conf i rms the  importance o f  t he  hydrogen bond i n t e r a c t i o n s  i n  

the  chranatographic processes regarding t o  the  Van Der Waals i n t e r -  

ac t ions .  

CONCLUSION 

We have studied t h e  chromatographic behaviour o f  two N,N-di- 

subs t i tu ted  polyacrylamides as LC s t a t i o n a r y  phases, towards 
var ious e lu ted  phenols and have shown tha t ,  w i t h  some experimental 
precautions, l i q u i d  chromatography i s  a technique which a1 lows 

us t o  measure solute/polymer molecular i n t e r a c t i o n s .  

determinat ions remains low bu t  i f  would be apprec iab ly  improved 
by decreasing the  p a r t i c l e  s i ze  o f  the  packings and by a d j u s t i n g  
the column length  according t o  the  i n t e r a c t i o n s  t o  be measured. 

I n  these experiments, the  p r e c i s i o n  o f  t h e  p a r t i  t i o n  constant 
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-2.3 

log Ki 2.4 2.6 2.8 3.0 0 I 
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Figure  3 : C o r r e l a t i o n  between Log KI and Log Ki. 

0: po ly  N,N-dihexylacrylarnide ; 

0: po lyac ry lop ipe r id ide  ; 

1 : p.methylpheno1 ; 2 : p.methoxypheno1 ; 3 : phenol ; 

4 : p.chloropheno1. 

With some assumptions t h a t  have been discussed, the  chromato- 

graphic p a r t i  t i o n  constants are expressed as products o f  two 

f a c t o r s  : one r e f e r i n g  t o  the  Van Der Waals i n t e r a c t i o n s ,  the  o ther  
corresponding t o  the polymer/solute hydrogen-bond i n t e r a c t i o n s  
which are, here, predominant. 

t o  study polymer/polymer i n t e r a c t i o n s .  
We consider t h a t  l i q u i d  chromatography should a l s o  a l l o w  us 
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