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We have shown several examples of characterization of multicomponent polymer systems by size exclusion chromato­

graphy coupled with a light scattering detector. Although SEC cannot provide a complete information for such systems 

due to its intrinsic limitation, one can extend its capability by combining multiple detection in order to get relevant 

information to some extent.

Introduction

Size exclusion chromatography (SEC) is one of the most 

widely used techniques for the characterization of polymeric 

materials.1 The separation principle of SEC is the exclusion 

equilibrium of the polymer chains between the solvent in 

small pores (stationary phase) and the mobile phase. There­

fore, macromolecules are separated in terms of their size 

in the solvent not their molecular weight. For homopolymers, 

however, the correlation between the size and the molecular 

weight of a polymer chain is relatively simple so that one 

can easily obtain its molecular weight distribution (MWD).2 

For this purpose the calibration with standard samples of 

known molecular weights is most frequently employed.1 In 

case that standard samples are not available, the universal 

calibration method can be used.3 With the development of 

viscosity detector, the universal calibration method can be 

carried out simultaneously with SEC separation.4 Further­

more, recent advances of light scattering detectors made it 

possible to determine directly the absolute molecular weight 

of polymer chains without relying on any type of calibration.5,6

Unlike the characterization of homopolymers, where MWD 

is the only major concern, copolymers or polymer mixtures 

have chemical composition distribution (CCD) also. As a re­

sult, the characterization of a copolymer or a polymer mix­

ture is not trivial.7 For an example, independent light scatte­

ring measurements have to be carried out in at least 3 diffe­

rent solvent systems to obtain the average molecular weight 

of a copolymer.8 SEC cannot be a solution of the problem 

either. Since SEC separates the macromolecules only in 

terms of their size, a fraction eluted from SEC column con­

tains a mixture of polymer molecules having both MWD and 

CCD. Therefore SEC is unable to characterize either MWD 

or CCD except for several special cases; molecular size of 

each polymer component is different enough to yield a com­

pletely separated elution chromatogram or their composition 

is homogeneous and independent of molecular weight, so 

on.9 Due to this intrinsic limitation of SEC, many attempts 

to characterize multicomponent polymers with SEC had to 

rely on approximations to some extent.10~12

Another approach to the analysis of multicomponent poly­

meric systems is to separate the specimen according to its 

chemical composition. For this purpose solvent gradient 

HPLC has been widely used.13'15 However it generally suf­

fers from a limitation in the variety of applicable polymeric 

systems as well as in the detection due to the use of solvent 

gradient. A classical way to analyze such complicated systems 

is the cross-fractionation or orthogonal chromatography, 

which is rather difficult and time consuming yet to become 

a practical method.16""18

Previously we demonstrated that the both components in 

a binary polymer mixture could be characterized by use of 

SEC/multiple detection method.19 In this method, the use 

of multiple detection could not overcome the intrinsic limita­

tion of SEC and the universal calibration method had to 

be employed in order to obtain the complete MWD of both 

components. In practice, however,辻 may not be necessary 

to obtain such detailed information but be sufficient to have 

a semi-quantitative measure of CCD as well as MWD. In 

this study we examined the applicability of SEC light scatte­

ring detection method for the characterization of two compo­

nent polymeric systems.

Experimental

The SEC system consists of an isocratic pump (LDC, Con- 

stametric 3200), a 6 port injector (Rheodyne 7125), 4 columns 

(Showa Denko KF80M, 804, 8025, 801), a low angle laser 

light scattering (LALLS) detector (LDC, KMX 6), a refractive 

index (RI) detector (LDC, Refractomonitor IV) and a variable 

wavelength UV/Visible absorption (UV/Vis) detector (LDC, 

Spectromonitor 3200). Elution solvents are degassed by a 

membrane degasser (LDC) and filtered by an in-line filter 

(Alltech) before it reaches the columns. Columns are put 

in an oven (FIAtron, CH-460) and the temperature was kept 

at 25 t.

One polystyrene (PS), one poly(styrene-co-acrylonitrile) 

(SAN) random copolymer and two poly(methyl methacrylate) 

(PMMA) samples were used for this study. PS and SAN 

were provided from the Miwon Petrochemical Co. and PM- 

MAs were acquired from Aldrich. All polymers have wide 

molecular weight distribution and were used as received wi­

thout further purification. Tetrahydrofuran (THF) was used 

as the elution solvent. It was fractionally distilled after dry­

ing with sodium metal and filtered through 0.2 gm pore 

PTFE filter (Gelman) before use. The wavelength of the 

UV/Vis detector was set at 260 nm. The specific refractive 

index increments of PS, PMMA and SAN in THF were mea­

sured by a differential refractometer (LDC, KMX 16) at the 
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wavelength of 633 nm. At 25 °C we obtained 0.192 and 0.084 

for PS and PMMA, respectively. These values are in good 

agreement with the literature values.16 The value for SAN 

was 0.163. SEC samples were prepared gravimetrically and 

the w/v concentration was obtained from the density of the 

materials. Typical sample concentration was 4 mg/mL and 

the injection volume was 100 |iL.

Analysis Scheme

First, consider the SEC analysis of a homopolymer. For 

a fraction eluted at a certain retention volume, output of 

three detectors are as follows.

RI:心監=电爬 (1)

UV/Vis：4=Kg (2)

LS : \R(ff)i=KLSv2ciM! (3)

Kri, Kit and KLS are the instrumental constants of three 

detectors, v is the specific refractive index increment, £ is 

the specific absorptivity of the sample, and c} and Mi are 

the concentration and the molar mass of the polymers in 

the i fraction, respectively. From a concentration detector, 

either RI or UV/Vis, g can be obtained if the instrumental 

constants and v or e are known. Or more commonly, c, is 

calculated from the amount of injected sample and the peak 

area of the concentration detector response. Once 们 is 

known, Mi can be obtained via Eq. 3 from the excess scatter­

ed intensity, A7?(0)n and the pre-determined values of KLS 

and v as follows.

ARC 切 MiCi
M,= 笋2 and -—— (4)

Kl* 旗 c,
I

Thus obtained Mw is the same as that from a batch light 

scattering measurement;

M M(。) 辜 사皿，

"KlNc KlM Z Ci
I

Kls우 Z " 2 MtCi
=------- ?------= 一丄------  (5)

Z 们 2 c
i i

This is the typical SEC/LS analysis scheme to obtain the 

absolute molecular weight distribution of a homopolymer.

For a two component polymeric system, detector response 

is the sum of the contribution "from each component A and 

B, i.e.,

UV/Vis : +&& (6)

RI : +니bC由)=Kr©v (7)

G=G“+c陽 and v=
Ci

Therefore, in principle, one can obtain q： and cB,i by solving 

Eq. 6 and 7 simultaneously.19 On the other hand, the respon­

se of a light scattering detector is given as Shows.

LS:AR(0), = Z △?(())”=K, Z V，;也(8) 

j 3 

where the subscript j, i denotes the j species in the i frac­

tion; j is neither A nor B. j species in i fraction is the species, 

among the copolymers eluted in the i fraction, having the 

molecular weight of Mjj, the concentration of c*,  and its com­

position is such that its specific refractive index increment 

is Vj.i. This somewhat complicated notation is required for 

A7?(0)； contrary to 4 or An； since the total scattering inten­

sity is the sum of the scattering intensity of individual mac­

romolecule not of monomeric units. This is the reason why 

one cannot determine Mw of two component polymeric sys­

tem from a single batch light scattering measurement in a 

solvent system. The molecular weight obtained from such 

a batch light scattering measurement of multicomponent pol­

ymeric system is commonly called as apparent molecular 

weight (Mapp) since it depends on the refractive index of the 

solvent;_F_"一표竺郭:
*= Kls% - KM ~ c (9)

where v is the average dn/dc of the whole specimen.

As mentioned earlier, SEC cannot provide the correct 

MWD, however, it is worth while to consider several special 

cases.

(1) If the composition is uniform for all the molecules in 

the specimen, M., v；,/~v/=v, Eq. 8 is reduced to A2?(0); = 

KLSv2CjMi which is equivalent to the case of homopolymer 

and then M,v can be obtained via Eq. 4. Therefore a copoly- 

meric system with a homogeneous composition behaves just 

like a homopolymer with respect to the GPC/LS analysis. 

For an example the SEC/LS analysis of Cotts and Siemens 

was carried out under the assumption of the uniform compo­

sition.9 However such copolymers can only be obtained either 

by careful feed composition control or by stopping the poly­

merization at a low conversion before significant feed compo­

sition drift takes place.

(2) If all the molecules eluted in a given i fraction, not 

all of those in the specimen, have a homogeneous composi­

tion, i.e.t Eq. 8 is reduced to A7?(0), =K/.sV,2cM.

The Ci and v can be obtained from Eq. 6 and 7, and the 

weight average molecular weight of the i fraction, Mi can 

also be obtained from A7?(0)). Then Mw can still be obtained 

as follows, which a batch light scattering measurement can­

not provide.

(10)

I .
Grinshpun and Rudin carried out SEC analysis of EPDM 

rubber under this assumption.11 In general, SEC separation 

is not expected to meet this condition. On the other hand, 

interaction HPLC is sometimes able to separate copolymer 

molecules only in terms of the composition.20 In this case, 

this analysis scheme may be used to obtain the absolute 

MWD although such an attempt has not been reported to 

our knowledge.

(3) If the composition of the polymers eluted in a fraction 

is not homogeneous, which is the general case in a chroma­

tographic analysis of a copolymer sample, some approxima­

tion has to be made since exact information of each specy 

(e.g., Cjti and v;；z) cannot be obtained by SEC analysis.
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(3-1) If we use average specific refractive index increment 

of the whole ■ specimen, v in place of v章，and calculate the 

concentration of i fraction from an RI detector response (△阳) 

and v value, i.e.f △伤引/ZE巧疔,，it is not g. Let such 

a concentration be denoted as 矿 The reason of taking RI 

detector as the concentration detector in this example is 

due to its universality. However, it is not necessary to use 

RI detector and this analysis can be done by use of any 

concentration detector together with an LS detector. If we 

try to calculate the average molecular weight of i fraction 

(Af/) from c', v, and A7?(0)z;

M# =
AR(0),

Kls기'2"

Z(v”/v)愆
) 

Ci
(11)

Then the average molecular weight calculated from Mi and 

cf is

^MiCi 22(기”/니)%處J
MJ = 弋— = —으車一一 ---------- (12)

2ji c
I

since =
ii.

It is interesting to note that Eq. 12 is identical to Eq. 9 

so that the SEC/LS analysis of a multicomponent polymeric 

system according to the scheme (3-1) yields Mapp.

(3-2) If we use the average specific refractive index incre­

ment of each fraction, v in place of、膈 and calculate ct by 

Eq. 6 and 7 then the molecular weight obtained from the 

excess scattering intensity is

岛"
M7 =

M(0>

Kls 니阳
(13)

This analysis requires two concentration detectors in addi­

tion to an LS detector. If one attempts to calculate the aver­

age m이ecular weight from M《,

» 기部기)

—=—丄二------------ (14)
Zfi c

It is interesting to note that MJ is not Mapp (eq 9) al­

though Mif is identical to M히相 If one deals with a mixture 

of two homopolymers and if two components in the mixture 

are completely separated down to the baseline so that each 

fraction contains only one homopolymers, M'f becomes the 

weight average molecular weight of i fraction and Mw of 

individual component can be obtained by the analysis scheme 

(3-2).

Results and Discussion

The characterization results of PS and PMMA homopoly­

mers are listed in Table 1. The weight average molecular 

weights of PS, PMMA10 and PMMA14 were determined by 

two independent methods. LS stands for the batch mode 

LALLS measurement which is a static low angle light scatte­

ring method. SEC/LS is the size ex인usion chromatography 

analysis with an LALLS detector. These methods yielded 

practically identical results for 3 homopolymers.

We have tested 6 different PS/PMMA mixtures and a ran­

dom copolymer (SAN) as summarized in Table 2. The first 

two digits in the binary mixture sample code identify the

Table 1. Mw of Polymers Used

Polymers
Mw (X103)

LS SEC/LS

PS 243 237

PMMA10 97 93

PMMA14 141 138

Table 2. Average Molecular Weights Obtained by Various Me­

thods (X103)

Sample wPS

SEC/LS LS Calculated

MJ MJ Mag Mqpp

SM10 30 0.299 227 134 136 227

SM10 50 0.505 250 169 166 247

SM10 80 0.799 247 205 208 245

SM14 30 0.306 251 182 168 245

SM14 50 0.487 258 193 186 253

SM14 80 0.787 254 221 216 248

SAN 106 100

Vr (mL)
Figure 1. SEC chromatograms obtained by three detectors, RI 

(dotted line), UV/Vis (dashed line), and LS (solid line) of the 

SM10 50 chromatogram. The chromatograms are corrected for 

the lag time between the detectors and their intensities are nor­

malized for visual aid.

PMMA used, while last two digits indicate the approximate 

weight percent of PS in the mixture. In Figure 1, a typical 

set of response curves from 3 detectors, RI (dotted line), 

UV/Vis (dashed line), and LS (solid line) of the SM10 50 

chromatogram is shown. These chromatograms are corrected 

for the lag time between the detectors and their intensities 

are normalized for visual aid. The LS response curve shows 

up at the lowest retention volume, Le., high molecular weight 

region, because the scattered light intensity depends upon 

not only the concentration but also the molecular weight. 

At the wavelength of 260 nm, PMMA does not absorb light
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T. q M 22 26 30 3^°-1
Vr (mL)

Figure 2. Isolated chromatograms of PS and PMMA in SM 10 

50. The solid and dashed lines represent the concentration of 

PS and PMMA10 vs. retention volume, respectively. They are 

obtained by simultaneously analyzing the UV/Vis and RI respo­

nse curves 아in Figure 1. The dotted line is the specific 

refractive index increment calculated by Eq. 7.

so that the UV/Vis chromatogram is practically the chroma­

togram of PS only. Since PS has a higher molecular weight 

than PMMA10 so being eluted earlier than PMMA10, UV/Vis 

response curve appears to be shifted toward the lower reten­

tion volume than RI response curve.

From the UV/Vis and RI response curves, the concentra­

tion of each components, Cps.i and 命知 are obtained by solving 

Eqs. 6 and 7 simultaneously. The results are displayed in 

Figure 2 together with v, deduced from cPS,i and 야阮 The 

solid and dashed lines represent the concentration of PS 

and PMMA10 vs. retention volume, respectively. We already 

have shown that thus determined 曲 and cPM,i are quite 

reliable.19 The dotted line is v, which well represents the 

change of specific refractive index increment according to 

the composition of eluted fraction. The v, value is higher 

at the low retention volume since PS having higher molecu­

lar weight is eluted. Before PMMA10 starts to come out, 

it shows the value of pure PS, and gradually changes toward 

the low value of PMMA. The increase of v( value at the 

end of the chromatogram is due to the slight baseline drift 

at the low signal intensity region.

A mixture of two homopolymers can be regarded as a 

two component copolymeric system with extreme composi­

tion inhomogeneity so that only two species exist in a frac­

tion, M., two pure homopolymers. Then Eq. 8 is reduced 

to

△R(g)i=KLS(NP；CpS,jMpS,i +니(14) 

and the analysis scheme (3-1) and (3-2) can be applied. As 

shown in Table 2, it is experimentally confirmed that MJ 

obtained by the scheme (3-1) is identical with Mapp. On the 

other hand, it is interesting to note that MJ by the analysis 

scheme (3-2) is very close to M竝,the real weight average 

molecular weight. This observation is common for all 6 mix­

tures indicating that it is not an accidental coincidence. As 

discussed previously, if two components in a mixture are 

completely separated down to baseline, is the weight

d
d

v
>

w
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•°
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°
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Figure 3. Sim니ation result of MJMapp as a function of the 

weight fraction of PS in mixtures of monodisperse PS and 

PMMA. The numbers in the plot indicate 나le values of MpS/Mpm.

average molecular weight of i fraction and Mw 아lould be 

obtained by the analysis scheme (3-2). This explains in part 

why MJ is closer to Mw than MJ since there are some 

unoverlapped region of PS and PMMA peaks. As for 나蛇 

overlapped region, a simulation study was carried out for 

PS/PMMA mixture system and the result is 아】own in Figure

3. In 나le plot, the ratio of Mw to Mapp of monodisperse PS 

and PMMA is plotted as a function of the PS weight fraction 

in the mixture. Mw and Mapp are equivalent to Mi and 

for the i fraction, respectively. The numbers in 나le plot indi­

cate the values of MpJMpm. As can be seen in the plot, 

MJMapp varies much with wPS especially when MPS is much 

different fr이n A  Since a fraction separated by SEC con­

tains macromolecules of the same hydrodynamic volume, the 

m이ecular weights of two p이ymers should not be very far 

off and 나｝is is why MJ is close to Mw. More rigorously, 

from the Mark-Houwink constants of two polymers in THF 

(KPS : 11.0X10-4 mL/g, aPS : 0.725, KPM : 7.5X10'4 mL/g, aPM : 

0.72) we find out that MPS is about 30% smaller than 

for the polymers having the same hydrodynamic volume, 

사)us eluted at the same fraction. As can be seen in Figure 

3, Mw/Mapp is close to 1 when MPS/MpM-0t7. Therefore M/f 

아lould be very close to M, and Mw,f turns out to be practica­

lly identical to Mw. A 3 dimensional surface of the same 

plot as in Figure 3 is 아｝own in Figure 4. In Figure 5 is 

also 아lown a 3 dimensional plot of Mw/Mapp vs. weight frac­

tion of one component (改)at various vA/vB> In this plot, 

Ma/Mb is kept at 0.7 like the case of PS and PMMA. As 

expected, one can easily notice that Mw/Mapp is close to 1 

when 니，4 is similar to Vb. In result, the simulation study tells 

us that Mif is not far off from M (i.e., if the speci­

*

fic refractive index increments and 나｝e molecular weights 

of two components are not much Afferent at the same frac­

tion.

In Figure 6 is 아iowd RI and UV/Vis detector response 

curves of SAN and the ratio of two detector signal intensi­

ties. The constant ratio of two detector response over the 

wh이e retention volume range of the chromatogram peak in-
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Figure 4. 3 dimensional representation of Figure 3.

Figure 5. Simulation results of Mlv/Mapp as a function of weight 

fraction of component A in a binary polymer mixture of A and 

B, where Ma/Mh=Q.7 like the case of PS and PMMA. The num­

bers in the plot is the value of VaNb-

dicates that the composition of the copolymer is homoge­

neous and independent of molecular size. This is the case 

(1) in the Analysis Scheme section. It was proven experimen­

tally as shown in Table 2 that the molecular weight determi­

ned by SEC/LS is identical with the result of a batch LS 

measurement.

In summary, we have shown several examples of SEC/LS 

analysis of two component polymer systems. Although a com­

plete information of MWD and CCD cannot be achieved for 

such systems by SEC due to its intrinsic limitation, one can 

extend its capability by combining multiple detection in order 

to get relevant information to some extent. At the same time 

one has to bear in mind the intrinsic limitation of SEC as 

well as the validity of the assumption employed in the analy­

sis in order to acquire useful information from a multicom­

ponent polymeric system.
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Correlation between the Reactant Com이ex or Transition State 
Conformations and the Reactivity of 4*Nitrophenyl  Benzoate 

and Its Sulfur Analogues with Anionic Nucleophiles 
by Comparative Molecular Field Analysis (CoMFA)
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A comparative molecular field analysis (CoMFA) was carried out for the corr아ation of the transition state structures 

and the reaction rates for the Sv2 reaction of 4-nitrophenyl benzoate and its sulfur analogs with anionic nucleophiles. 

The CoMFA analysis showed that both steric and electrostatic effects are important, and the steric contribution increa- 

sed when nucleophiles are alkoxides or arylsulfides. In this study, we have demonstrated that the CoMFA analysis 

can be expanded beyond the scope of dealing with reactants and products. The reactant complex and transition 

state conformations generated 시ong the reaction path can be more appropriately used for the correlation of strictures 

and reaction rates.

Introduction

In our previous works,1 we have demonstrated that Co­

MFA is a powerful and valuable tool for describing the rela­

tionship between the LUMO energy and the rate constants 

of Sv2 reactions of benzyl benzenesulfonate with />-methoxy- 

benzylamines and also for studying the substituent effects 

of the Pd(II) catalyzed rearrangement of allylic esters. How­

ever, in both cases, the conformations used for the CoMFA 

studies were either from reactants or products. In theory, 

however, it might be possible or more appropriate to use 

the conformations generated as the reaction proceeds along 

the reaction path for the CoMFA analysis to correlate with 

the reaction rates. For that purpose, we chose the kinetic 

data for a typical Sv2 reaction from the literature for our 

studies.

Recently Um et 아，3 carried out 나le kinetic study of the 

Sv2 reaction between 4-nitrophenyl benzoates and various 

anionic nucleophiles to investigate 난le effect of polarizability 

on the reaction rates. In the study, 나ley found 난lat the sub­

stitution of oxygen with more polarizable sulfur in the leav­

ing group or in the carbonyl group of 1 changed the reacti­

vity significantly, depending on the degree of polarizability 

of the attmking nucleophiles. The reactivity of the polarizable 

Substrates 2 and 3 increases significantly toward the polari­

zable nucleophiles (ArS )t and decreases toward the nonpo- 

larizable nucleophiles (RO-) indicating that the effect of po­

larizability on the rate is important in the system.

In our study, we investigated the same system theoretical­

ly to establish the relationships between the reactivity and 

the reactant complex and the transition state structures-reac- 

tivity relation아lip by the comparative molecular field analysis 

(CoMFA).3

M 러:hod

Starting geometries of the molecules were generated by 

the BUILD option in SYBYL (version 6.1a)4 and the geometry 

optimization for 나蚣 reactants and the reactant complexes 

and the reaction path calculations were carried out by MO- 

PAC5 using the PM3 method.6 Locations and geometries of 

the stationary points on the potential energy surfaces were 

obtained by the reaction coordinate method7 refined by the 

NLLSQ (Non-Linear Least Squares) gradient norm minimi­

zation8 or EF (Eigenvector Following) routine9 and characte­

rized by confirming only one negative eigenvalue in 하此 Hes­

sian matrix.10

Comparative Molecular Field Analysis (CoMFA). 
The optimized molecules were aligned by the least square 

fitting of the Cb Nu2, Y3t X4, and C5 atoms of the molec니e 

(S산leme 1). Then the CoMFA analysis was performed by 

using 사le QSAR option in SYBYL. The CoMFA grid spacing 
was 2.0 A in all x, y, and z directions and the grid region 

generated automatically by the program was large enough 

to cover m어ecules completely with additional 4.0 A in all 

directions. As a probe sp3 C+ ion was used.

A statistical analysis of the interaction energy and the tar­

get property (log k in Table I)2 was carried out by the partial


