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SIZE EXCLUSION 
CHROMATOGRAPHY DIFFERENTIAL 

POLYMERS 
VISCOMETRY 0 4 CATIONIC 

D.J. NAGY AND D.A. TERWILLIGER 
Air  Products & Cltenticals, Iiic. 

Corpornte Research Services Divisioir 
Alleiilowii, Peniisylvniiia 18195 

FIBSTRFICT 

When employed a s  an on-line S E C  detector, differential 
viscometry can be used to characterize the molecular 
weight distribution of water-soluble, cationic poly- 
mers. This technique is demonstrated using cationic 
poly(2-vinyl pyridine) for calibration of loq(mo1ecu- 
lar weight * intrinsic viscosity) versus retention 
volume, on SynChrom CATSEC columns in a mobile phase 
of 0.1% trifluoroacetic acidl0.20 N NaNOJ a t  35" C. 
Characterization of broad molecular weight distribu- 
tion polymers, such a s  poly(ally1 amine), is presen- 
ted based on universal calibration. Mark-Houwink 
constants and intrinsic viscosities a r e  measured on- 
line for the standards, over a range o f  molecular 
weights from 2.90E3 to 1.00Eb. Preliminary character- 
ization of poly(2-vinyl pyridine) in THF under univer- 
sal calibration conditions i s  also reviewed. 

INTRODUCTION 

T h e  use of  s i z e  exclusion chromatography ( S E C )  for 

characterizing polymer molecular weight distribution 
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1432 NAGY AND TERWILLIGER 

i s  a widely accepted technique for both organic and 

water-soluble polymers. Numerous detection methods 

a r e  available with SEC for on-line molecular weight 

characterization. Of these, differential viscometry 

w a s  commercialized only four years a g o  with the advent 

of the Viscotek Differential Viscometer. A number of 

workers reviewed differential viscornetry (1-51, demon- 

strating great utility for characterizing absolute 

molecular weight distribution, intrinsic viscosity, 

Mark-Houwink constants, and branching information. 

T h e  method is based o n  the concept of universal calib- 

ration. Furthermore, in solution, the polymer hydro- 

dynamic volume (intrinsic viscosity * molecular 

weight) is the determining factor in SEC separations 

rather than molecular weight alone. Using on-line 

differential viscometry, Haney and Armonas have con- 

firmed the validity of universal calibration for a 

number of polymer/solvent combinations (6). In o u r  

laboratory, we have previously shown t h e  accuracy of 

the molecular weight of water-soluble polymers charac- 

terized by differential viscometry (4). However, 

Haney points out that there are associated problems 

with aqueous systems using anionic, water-soluble 

standards (7). 

SEE of polyelectrolytes, particularly cationic 

polymers, frequently presents unusual problems. Good- 
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SEC/DIFFERENTIAL VISCOMETER 1433 

ing, e t  al., found successful elution of cotionic sol- 

ute using specially treated column supports of t h e  

Synchrom CATSEC type ( 8 ) .  These col u m n s  contain an 

amine bonded to the silica packing support which ef- 

fectively neutralizes the surface silanols, enabling 

successful elution of cationic polymeric materials. 

In this paper, we wish t o  describe the u s e  of crt- 

ionic SEC coupled with on-line differential viscom- 

etry. Flt the present time, the only commercially 

available standards for cationic SEC calibration a r e  

poly(2-vinyl pyridine), o r  PVP. B y  using these stan- 

dards, o n e  may demonstrate the utility of  t h i s  tech- 

nique. PVP possesses the unique characteristic of 

exhibiting both THF and water solubility. 'This f e a t -  

ure allows for a means to verify th e  accuracy of the 

vendor-supplied molecular weights by examining t h e  

universal calibration behavior of P V P  in THF. T h e  

molecular weight values supplied for the P V P  standards 

from the vendor a r e  subsequently used in the cationic 

SEC investigations. 

MFITERIALS A N D  METHODS 

When used a s  an on-line viscometrr with S E C ,  the 

Viscotek system measures specific viscosity as a 

function of elution volume o r  molecular weight (1). 

The differential viscometer is br6ed on a fluld 

analogue of a Wheatrtone bridge, as shown in Fig. 1. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1434 NAGY AND TERWILLIGER 

SEC IN 

1 
Warte 

FIGURE 1. Schematic of Viscotek capillary bridge. R,, 
R = ,  R z ,  and RP are capillaries: PI ,  t h e  inlet pressure 
transducer; DPT, the differential pressure transducer; 
€3, holdup/dilution reservoir. 

CI network of four capillaries i s  used with a holdup/ 

dilution reservoir inserted in the flowstream before 

capillary Rq. T h e  polymer effluent from the 5EC 

enters the bridge and immediately f i l l s  capillaries 

R1, R o ,  and R = .  However, the solvent from t h e  holdup/ 

dilution reservoir remains in capillary Rs. Two 

pressure measurements are then made. 13 differential 

pressure, A P ,  i s  measured by a differential pressure 

transducer. This AP is  d u e  t o  the difference in the 

viscosity of the polymer solution in capillary RS and 
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SEC/DIFFERENTIAL VISCOMETER 1435 

the viscosity of the solvent in capillary R a .  Polymer 

solution viscosities in R, and R a  cancel each other. 

Another transducer measures P x ,  the inlet pressure 

into the bridge. The following expression r e l a t e s  the 

specific viscosity to these two pressure terms (11, 

Q- 0 = 4 AP/(Px - Z A P )  c11 

where Q.p i s  the specific viscosity. T h e  intrinsic 

viscosity, [ Q l ,  i s  defined as, 

cq1 = (h.O/c)c + 0 c21 

where c 1 5  the concentration o f  the polymer solution 

a s  determined by the concentration detector, in t h i s  

case the differential refractometer. By using t h e  

viscometer to measure the specific viscosity of stan- 

dards of known molecular weight and concentration, 

polymers of unknown molecular weight c a n  b e  character- 

ized by measuring specific viscosity across all 

elution volume increments. 

A Waters 1SOC Gel Permeation Chromatograph, with 

the Waters 150C differential refractive index (DRI 1 

detector (Waters/Millipore Corporation, Milford, MA), 

and a Viscotek Model 100 (Viscotek Corporation, 

Porter, T X )  differential viscometer (DV), were used 

f o r  the cationic, aqueous S E C  work in this study. T h e  

DRI and DV detectors were configured in a parallel 

arrangement with t h e  15OC so as t o  establish approx- 

imately equal flow rates t o  each detector. T h r e e  
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1436 NAGY AND TERWILLIGER 

SynChropak CATSEC columns (Synchrom, Inc.. Lafayette. 

IN) of 100, 300, and 1000 angstrom pore sizes, respec- 

tively, e a c h  250 mm x 4.6 mm I.D., w e r e  used in series 

with a mobile phase of  0.1% (vol/vol) trifluoroacetic 

acid ( T F A )  / 0.20 N sodium nitrate (Fisher Scientific, 

Pittsburgh, Pa). T h e  temperature of t h e  15OC and t h e  

associated detectors was maintained at 35" C. A 

measured flow rate of 0.37 ml/min w a s  used. All 

injection volumes were 0.050 ml. T h e  concentration of 

the P V P  standards ranged from approximately 0.40 t o  

2.0 mg/ml, dependent upon the given molecular weight 

o f  the standard. Suppliers of t h e  P V P  standards a r e  

summarized in Table 1. All samples w e r e  prefiltered 

through a Millex-HV (3.45 micron membrane (Millipore 

Corporation) prior t o  injection. Data were acquired 

on an IBM-AT computer using the Viscoteh software, 

UCAL version 2.71. An A/D gain value of 2.0 and DPT 

sensitivity value of 1.00 w e r e  used in the UCAL calcu- 

lations. T w o poly(ally1 amine) broad molecular weight 

cationic polymers (#28322-3 high molecular weight and 

#28321-5 low molecular weight, Aldrich Chemical Com- 

pany, Milwaukee, Wisconsin) were characterized for 

molecular weight distribution. T h e  poly(ally1 amine) 

polymers were in the form of the chloride salts. 

T h e  P V P  standards were characterized under the 

following organic SEC conditions. A Waterr/Milliporr 
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SEC/DIFFERENTIAL VISCOMETER 1437 

TABLE 1 

P o l y m e r s  Used f o r  Universal Calibration in THF 

(Suppliers indicated by c o d e  letter) 

Nominal 
T y p e  Mol. Wt. 

Poly(styrene) 3.00E6 ( W )  
1.80E6 ( W )  
8.86E5 (5) 
6.00E5 ( S )  
2.35E5 ( S )  
1.12E5 ( S )  
R.10E4 ( S )  
5.20E4 ( S )  
1.90E4 (5) 
1.20E4 ( S )  
5.34E3 ( S )  
1.80E3 (W1 
5.10E2 ( A )  

Poly(isoprene) 4.60E5 (P) 
2.00E5 ( Y )  
1.35E5 (PI 
2.84E4 ( Y )  
1.74E4 ( Y )  
1.02E4 ( Y )  
3.00E3 ( Y )  

pyridine) 1.00E6 ( A )  
4.51E5 ( A )  
2.40E5 ( A )  
l . l O E 5  ( A )  
7.00E4 ( A )  
2.80E4 ( A )  
1.0SE4 ( 6 )  
7.00E3 ( A )  
2.90E3 ( A )  

Poly(2-vinyl 

( W )  Waters/Millipore Corp., 

Nominal 
Type Mol. Wt. 

- ----- 
Poly(viny1 

chloride) 9.50E4 ( A )  
7.30E4 (6) 
4.80E4 ( A )  
3.60E4 ( A )  
2.10E4 ( A )  

Poly ( iso-- 
b u t y l e n e ~  8.01E5 ( A )  

4.70E5 (4) 
1.4eE5 (4) 

'8 .04E4 ( A )  
3.69E4 ( A )  

Milford, M A  01767  
( S )  S c i e n t i f ic Polymer Products, Ontario, NY 1 4 5 1 9  
( A )  American Polymer Standards Corp., Mentor, OH 44061  
(PI Polymer Laboratories Inc., Amherst, MA 01002 
( Y )  Polysciences, Inc., Warrington, P A  18976 
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1438 NAGY AND TERWILLIGER 

150C was employed using the same configuration of DRI 

and DV detectors a s  described above, w i t h  a mobile 

phase of THF (Fisher Scientific Company) a t  35’ C. 

T w o  mixed-pore type, Ultra-Styragel c o l u m n s  and o n e  

1E6 pore type Ultra-Styragel column (Waters/Millipore) 

were used for the SEC separations with a measured flow 

rate of 0.92 ml/min. Sample injection volumes w e r e  

0.200 ml. Concentrations of the standards w e r e  iden- 

tical to those described above. Sa m p l e s  w e r e  prefil- 

tered through Millex-HV 0.45 micron membranes. T h e  

following polymer standards (Table 1 )  were used t o  

construct a master universal calibration curve: 

polystyrene, poly(viny1 chloride), poly(isoprene), and 

poly(isobuty1ene). Data acquisition w a s  identical t o  

that described above for the aqueous work. 

RESULTS A N D  DISCUSSION 

Characterization of P U P  Standards: 

The commercial P U P  standards possess t h e  unique 

feature of being both THF-soluble and water-soluble. 

This allows for characterization of t h e  standards in 

THF under universal calibration conditions. T h e  

thirty polymer standards, in addition t o  t h e  P U P ’ S  

summarized in Table 1. were used t o  construct a master 

universal calibration curve o f  log(molecu1ar weight * 
intrinsic viscosity), as shown in Fig. 2. These 

polymers obey universal calibration, i.e. they all 
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SEC/DIFFERENTIAL VISCOMETER 1439 

FIGURE 2. Universal calibration c u r v e  in THF a t  35" C 
for poly(2-vinyl pyridine), poly(styrene1, poly(viny1 
chloride), poly(isoprene). and poly(isobutylene1. 

align o n  t h e  s a m e  curve. A s  described by Eenoit (91, 

th e  retention o f  polymers in SEC is a function of 

hydrodynamic volume, the product of molecular weight 

ti m e s  intrinsic viscosity, and independent of polymer 

composition. T h i s  behavior i s  observed for PVP and 

the o t h e r  four polymer types, as seen in the universal 

calibration c u r v e  of Fig. 2. Haney h a s  shown similar 

behavior for other THF-soluble polymers using differ- 

ential viscometry (6). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1440 NAGY AND TERWILLIGER 

From the Mark-Houwink equation (101, 
a 

ChI = K M C33 

where the coefficient " K "  and exponent "a," are con- 

stants for a particular polymer/solvent pair at a 

given temperature. Their values are  given by the y -  

intercept and slope, respectively, of log(intrinsic 

viscosity) versus log(molecu1ar weight). The calcu- 

lated Mark-Houwink constants for PVP in THF at 35- C 

are: a = 0.61 and K = 3.02E-4. 

Since the PVP samples f i t  the universal calibra- 

tion behavior observed in Fig. 2, the vendor-supplied 

molecular weight values could be used with e high 

degree of confidence for subsequent cationic SEC/ 

differential viscometry calibration. 

btionic SEC / Di f f eren t ir 1 Viscomc t r v  : 

This investigation does not i.nvolve an extensive 

study of different salt types f o r  the mobile phase. 

Gooding, at al. ( 9 )  recommend the use of acidic elu- 

ants containing 0.20 N salt, such as NaC1, as mobile 

phases for CCITSEC columns to eliminate ion-exclusion 

effects. However, to avoid the corrosive effects of 

chloride salts, two different salt solutions were 

prepared for use as the mobile phase. The solutions 

were 0.1% TFA / 0.20 N sodium acetate and 0.1% TFCI / 

0.20 N sodium nitrate. It was found that the PVP 

standards were insoluble in the 0.1% TFA / 0.20 N 
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SEC/DIFFERENTIAL VISCOMETER 1441 

sodium a c e t a t e  s o l u t i o n .  PVP i s  s o l u b l e  i n  t h e  0.1% 

TFA / 0.20 N sodium n i t r a t e ,  and t h i s  s o l u t i o n  was 

subsequent ly  used as t h e  m o b i l e  phase f o r  t h i s  work. 

T h i s  i l l u s t r a t e s  t h e  need f o r  f u r t h e r  s tudy  o f  t h e  

e f f e c t  o f  mob i l e  phase s a l t  t ypes  on t h e  SEC o f  c a t -  

i o n i c  po lymers such as PVP. 

T h e  n i n e  PVP s tandards  were used t o  s e t  up  a 

column c a l i b r a t i o n  curve.  Low sample c o n c e n t r a t i o n s ,  

and i n j e c t i o n  volumes o f  0.050 m l  were employed t o  

ensure t h e  i n j e c t i o n  o f  low polymer sample? mass on t o  

t h e  columns, and t h e  e l i m i n a t i o n  o f  " v i s c o u s  f i n g e r -  

i n 9 "  e f f e c t s .  The peak r e t e n t i o n  volumes and i n t r i n -  

s i c  v i s c o s i t i e s  were measured and t a b u l a t e d  a l o n g  w i t h  

t h e  known mo lecu la r  we igh ts .  These d a t a  a r e  summar- 

i z e d  I n  Table 2. 

Chromatograms from t h e  d i f f e r e n t i a l  v iscometer  and 

DRI d e t e c t o r s  a r e  shown i n  F i g s .  3 and 4, r e s p e c t i v e l y ,  

f o r  f o u r  r e p r e s e n t a t i v e  PUP s tandards  (1 .00E6 ,  l.lOE5, 

1 . O S E 4 ,  and 2.90E3 molecu la r  w e i g h t ) .  A l l  t h e  PVP 

s tandards ,  i n c l u d i n g  those w i t h  low mo lecu la r  we igh ts ,  

e x h i b i t  good s i g n a l  response by d i f f e r e n t i a l  viscom- 

e t r y .  These d a t a  i n d i c a t e  t h e  e x c e l l e n t  s e n s i t i v i t y  

o f  t h e  v i r comete r  t o  low mo lecu la r  we igh t  c a t i o n i c  

polymer, s i m i l a r  t o  t h a t  p r e v i o u s l y  d e s c r i b e d  f o r  

wa te r -so lub le ,  po ly(ethy1mne g l y c o l )  s tandards  (4). 

The PVP s tandards  e x h i b i t  nar row d i s t r i b u t i o n s ,  except  
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1442 NAGY AND TERWILLIGER 

TABLE 2 

CALIBRATION DATA FOR CATIONIC PVp STANDARDS 

Conc. , 
PVP (mg/ml ) / Retent ion C\l* Chi** 

Molecular Mass i n j . ,  Volume, ( d l 1 g )  ( d l 1 q )  
Weight ( w )  ( m l )  SECIDV Vendor 

1.OOE6 0.30/15 5.47 4.46 9.25 

4.51E5 0.50/25 6.00 2.72 4.57 

2.40E5 0.50125 6.31 1.72 2.94 

I .  10E5 0.65135 6.67 1.03 1.65 

7.00E4 0.71 136 6.89 0.70 1.19 

2.80E4 0.82141 7 .31  0 .29  0.40 

1.05E4 1.02151 7.76 0 .15  0.17 

7.00E3 1 . 5 8 / 7 9  7.86 0.12 0.10 

2.90E3 2.031 102 8.19 0.08 0.05 

* SEC/DV i n t r i n s i c  v i s c o s i t i e s  determined i n  0.1% 
TFA / 0.20 N sodium n i t r a t e  a t  35- C; a = 0.74, 
K = 1.35E-4. 

* *  Vendor-supplied i n t r i n s i c  v i s c o s i t i e s  determined 
i n  0.10 N sodium formate a t  250 C; a = 0.93,  
K = 2.51E-5. 

f o r  the 1.OE6 molecular weight polymer. This  p a r t i c -  

u l a r  standard i s  much broader i n  d i s t r i b u t i o n ,  as seen 

i n  F igs.  3 and 4. The r e s u l t i n g  c a l i b r a t i o n  curve is 

shown i n  F ig .  5, w i t h  a t h i r d - o r d e r  polynomial  f i t .  

The corresponding Mark-Houwink p l o t  f o r  PVP i s  g iven 

i n  F ig .  6, w i t h  Mark-Houwink constants  o f  a = 0.73 and 

K = 1.85E-4. 
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FIGURE 3. Overlay of differential viscosity chromato- 
grams of PVP in 0.1% TFFI / 0.20 N NaNO= at 35- C. Raw 
chromatograms are not normalized. Molecular weights 
indicated above chromatograms. 

The peak parameter corrections which are required 

for calculating the above data, are shown in Table 3. 

These parameters include the offset volume between the 

differential viscometer and DRI detector, the Gaussian 

peak spreading factor (due to column axial disper- 

sion), the exponential tau tailing factor for the 

concentration (DRI) detector, and the exponential tau 

tailing factor for the differential viscometer 

detector. These values are determined using the UCFIL 
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11 O.Oo0 

”\ 
I \  
I \  

I s.OO 8.00 7.00 8.00 B.00 
RETENTION VOLUME, ml 

F I G U R E  5. Overlay of differential refractive index 
chromatograms for PVP. Same conditions used as in Fig. 
3. Raw chromatograms are not normalized. Molecular 
weights indicated above chromatograms. 

TABLE 3 

P B  PARAMETERS FOR PUP CALIBRATION 

STANDARD USED: 10,500 MW 

VISCOMETER OFFSET: - 0.219 ml 
SIGMA: 0.133 ml 

TAU (Concentration): 0.096 ml 

TAU (Vircometer): 0.241 ml 
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F IGURE 5. Calibration curve for PUP in 0.1% TFCI / 
0.20 N NaNOl at 35- C using CATSEC columns. 

software for the PUP standard of 10,500 molecular 

weight. 

The intrinsic viscosity values of the PUP stan- 

dards measured on-line in 0.1% TFCI / 0.20 N sodium 

nitrate at 35" C are significantly lower than those 

values given by the vendor in 0.10 M sodium formrte at 

250 C. This presumably reflects the difference in 

t y p e  of salt, concentration, and temperature on the 

hydrodynamic volume of PUP in solution. The Mark- 

Houwink "a" value of 0.74 for 0.1% TFFI / 0.20 N sodium 
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nitrate, falls within the theoretical range of 0.5 t o  

0.8 predicted by Flory (ll), a s  measured by on-line 

differential viscometry. 

Two commercial poly(ally1 amine) polymers were 

characterized for molecular weight distribution using 

the above PVP calibration. Sample #28321-5 is desiq- 

nated by the vendor as low molecular weight and s a m p l e  

W28322-5 a s  high molecular weiqht. T h e  results of the 

molecular weight characterization a r e  summarized in 

Table 4, and the differential vircometer and DRI dual 
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TABLE 4 

MOLECULAR WEIGHT DATA FOR POLY(cSLLYL AMINE) 

#28321-5 #28322-3  
( L o w  Mol. Wt.) ( H i g h  Mol. Wt. 

M" 2 . l b E 4  5 .71E4 

M, 3 .04E4  9 .93E4  

Mw Mm 1 . 4  1.7 

**CqI, dl/g 0.23 0 . 5 8  

*cq1, Intrinsic viscosity measured by on-line DV 

**Cr\l, Intrinsic viscosity measured by Ubbelohde 
v i scometer 
- 

chromatograms for t h e  low molecular weight poly(ally1 

ami n e )  a r e  shown in Fig. 7. T h e  poly(al1yl a m i n e )  

exhibits excellent signal response by viscometric 

detection under these conditions. T h e  molecular 

weight distribution of these polymers falls well 

within t h e  calibration of these columns. T h e  dif- 

ferential viscometry intrinsic viscosities c o m p a r e  

favorably to those values measured off-line under 

identical conditions of solvent and temperature 

(Ta b l e  4 )  using d Ubbelohde viscometer (within t h e  

expected experimental precision of both methods). 
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k 
E 

I 

4 

FIGURE, I. Dual chromatoqrams for low molecular weight 
polv(ally1 amin@). Same conditions used as in F i g .  3. 

CONCLUSIONS 

This study demonstrates the feasibility o f  chrrac- 

terizing the molecular weight distribution of cationic 

polymers by on-line SEC/differential viscometry, using 

poly(2-vinyl pyridine) for calibration. On acidic 

mobile phree of 0.1% TFfl / 0.20 N sodium nitrate is 

necessary for successful elution of P V P  and poly(ally1 

aminc). The use of other salt types, s a l t  concentra- 

tions, trmprrrture, and other types of cationic stan- 

dards to verify universal Crlibration remains for 

further investigation. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SEC/DIFFERENTIAL VISCOMETER 1449 

ACKNOWLEDGMENTS 

T h e  authors wish t o  express their appreciation t o  

J. V .  Martinez, J. W .  Brockington, W. F. Tiedge, and 

to Air Products & Chemicals, Inc. for permission t o  

publish t h i s  work. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Styring, M. G., Armonas, J. E., and Hamielec, 6. 
E., J_. L_s. Chrom., u ( 5 ) ,  783, 1987. 

Haney, M. A., Armonas, J. E., and Rosen, L.,  
"Detection and Data Analysis in S i z e  Exclusion 
Chromatography," T .  Provder, E d . ,  A C S  Symposium 
S e r i e s  No. 352, 119, 1987. 

Nagy, D. J., "International GPC Symposium 1987 
Proceedings," Waters/Millipore Corporation, 250, 
1987. 

Kuo, c 
A .  F., 
E x c l u s  
S y m p o s  

Haney , 

Y . ,  Provder, T., Koehler, M. E., and Kah. 
"Detection and Data Flnalysis in S i z e  
on Chromatography," T .  Provder, Ed., FlCS 
urn Series No. 352, 130, 1987. 

. .  M. A . ,  and Armonas. J. E., "International 
G P C  Symposium 1987 Proceedings,'' Waters/Millipore 
Corporation, 523, 1987. 

Haney, M. A., Preprints Polymer Science, Materials 
and Engineering Division, ACS Meeting, Los 
Angeles, CA, 1988. 

Gooding, D. L., Schmuck, M. N., and Gooding, K .  
M., J. L A .  Chrom., S(lZ), 2259, 1982. 

Benoit, H., Grubsic, Z., and Rempp, R . ,  J_. Polvm. 
SA., Part B, 753, 1947. 

Mark, H., Der feste Korper, Hirzel, Leipzig, 
pg. 103, 1938. 

Flory, P. J., P r i n c i p l e s  of  Polymer Chemistry, 
Cornell University Press, Ithaca, NY, pg. 280, 
606, 1953. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


