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Abstract

Graft copolymers prepared by radical polymerization of a low-molecular-mass monomer with a macromonomer
display heterogeneity in both molecular mass and chemical composition. The characterization of these joint
distributions by a single technique [e.g., size-exclusion chromatography (SEC)] is hindered by the effects of both
variables on the separation mechanism. Separation emphasizing chemical composition heterogeneity can be
efficiently performed by gradient elution high-performance liquid chromatography (HPLC) combining precipitation
and adsorption retention. Comparison of Fourier transform IR and evaporative light-scattering detection indicated
decreasing polydimethylsiloxane (PDMS) macromonomer incorporation corresponding to increasing retention time
for a poly(methyl methacrylate) (PMMA)-graft-PDMS copolymer. More detailed information was obtained by
multidetector SEC of composition fractions from gradient elution HPLC. SEC separation in an isorefractive solvent
for PDMS (tetrahydrofuran) with low-angle laser-light scattering, differential viscometry, and differential refractive
index detection allowed determination of the molecular mass of both the whole copolymer and that of the PMMA
backbone for each HPLC fraction. Comparison with an independent SEC determination of the PDMS mac-
romonomer molecular mass allowed estimation of the number of pendant PDMS chains per graft copolymer
molecule across the HPLC chromatogram. Results indicated a relatively constant incorporation of the number of
PDMS side chains with increasing PMMA backbone molecular mass, leading to a relative decrease in weight
fraction PDMS incorporation with increasing molecular mass of the whole graft copolymer molecule.

1. Introduction

Graft copolymers are branched macromole-
cules with a backbone composed of one type of
polymer and side chains (grafts) of another
polymer. Several approaches have become com-
mon for the synthesis of graft copolymers with
most falling into three categories: grafting-onto,
grafting-from and the macromonomer technique.
Grafting-onto reactions proceed by the reaction
of a terminal group on the side-chain polymer
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with reactive functionalities distributed along the
backbone polymer. Grafting-from reactions re-
quire the growth of polymer side chains from
initiating sites on a backbone polymer by the
polymerization of a low-molecular-mass mono-
mer. Finally, the macromonomer technique em-
ploys the incorporation of a terminal polymeriz-
able group on the eventual side-chain polymer
into a growing backbone polymer during the
polymerization of a low-molecular-mass mono-
mer [1].

There are several advantages to the use of the
macromonomer technique over the other two
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approaches which have attracted increasing in-
terest in recent years [2,3]. A relatively large
number of different macromonomers are avail-
able with convenient polymerizable terminal
groups, allowing access to a wide range of
copolymer compositions [4]. Living polymeriza-
tion methods can be used to provide mac-
romonomers of well-defined chain length, molec-
ular mass distribution, and terminal functionality
[5.6]. Macromonomers allow control of the num-
ber of grafts per copolymer macromolecule
through choice of the polymerization reaction
mixture ratio of macromonomer to low-molecu-
lar-mass monomer [4].

The chemical and physical properties of graft
copolymers can be tailored to suit various appli-
cations by choice of the different chemical
compositions of the copolymer backbone and
side chain. In many cases the copolymer seg-
ments are immiscible in the solid phase leading
to unique thermal, mechanical, and interfacial
properties similar to diblock copolymers [7]. The
tailoring of these chemical and physical prop-
erties has led to the application of graft co-
polymers as emulsifiers, surface modifiers, ther-
moplastic elastomers, and polymer blend com-
patibilizers [8].

The performance of these tailored graft co-
polymers is in part dependent upon the choice of
the constituent polymers and their molecular
mass, but also on the distributions in molecular
mass and chemical composition present in the
final graft copolymer. It is common for a graft
copolymer sample to contain both ungrafted
backbone and side-chain homopolymers, as well
as a range of copolymer compositions [9]. As
with any copolymer, the molecular mass and
chemical composition of graft copolymers share
a joint distribution in heterogeneity. Techniques
such as size-exclusion chromatography (SEC)
with selective detection cannot provide complete
copolymer characterization due to the depen-
dence of polymer hydrodynamic size on chemical
composition. In addition, techniques such as
solvent precipitation fractionation or fractional
dissolution can be unreliable with graft copoly-
mers due to their surface-active properties that
can inhibit clean phase separation behavior [9-

11]. An alternative technique has been suggested
recently by Stejskal et al. [12] for the separation
of a graft copolymer into fractions for sub-
sequent analysis. This approach involves frac-
tionation in demixing solvents, which although
effective can be quite time consuming and dif-
ficult to predict the separation dependence on
molecular mass and chemical composition (see
Table 3 of Ref. [12]).

The focus of the current experimental inves-
tigation was to provide a chemical composition
separation of a graft copolymer into fractions
suitable for SEC with molecular-mass-sensitive
detection. The free-radical-polymerized graft (g)
copolymer poly(methyl methacrylate)—g-polydi-
methylsiloxane (PMMA-g-PDMS) was sepa-
rated by gradient elution HPLC into a series of
chemical composition fractions. Chemical
composition across the HPLC and SEC sepa-
rations was evaluated by use of a solvent-evapo-
ration Fourier transform infrared (FT-IR) inter-
face. SEC of a series of HPLC fractions in a
solvent isorefractive with the PDMS side chains
allowed low-angle laser-light scattering (LALLS)
determination of the molecular mass of the
PMMA backbone polymer. Universal calibration
with differential viscometry detection allowed
determination of the overall molecular mass of
each narrow composition graft copolymer frac-
tion. With these data along with the molecular
mass of the narrow-dispersity PDMS mac-
romonomer, the number of side chains grafted
on the PMMA backbone polymer was deter-
mined for each HPLC fraction.

2. Experimental
2.1. Synthesis

The PDMS macromonomer was prepared by
anionic polymerization of hexamethylcyclo-
trisiloxane (Petrarch Systems, Bristol, PA, USA)
in freshly distilled cyclohexane (Eastman Kodak,
Rochester, NY, USA) with sec-butyllithium
initiator (Lithco, Division of FMC, Philadelphia,
PA, USA) and distilled tetrahydrofuran (THF)
promoter (Fisher Scientific, Pittsburgh, PA,
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USA). The polymerizable terminal functional
group was formed by termination with [3-
(methacryloxy )propyl]dimethylchlorosilane (Pet-
rarch Systems) after 48 h polymerization. The
PDMS macromonomer was then precipitated in
methanol (Eastman Kodak) and dried under
vacuum at 60°C.

PMMA-g-PDMS copolymer was prepared by
free radical polymerization at 20% solids using
the above macromonomer and methyl methac-
rylate [freshly distilled from calcium hydride
(both Eastman Kodak Company)] in chloro-
benzene (Aldrich, Milwaukee, WI, USA, dis-
tilled from phosphorus pentoxide (Eastman
Kodak) under nitrogen) at 60°C with 2,2'-azo-
bisisobutyronitrile initiator (Eastman Kodak).
The polymerization feed ratio was 40% weight
PDMS macromonomer. The isolated copolymer
was extracted with n-hexane (Eastman Kodak)
to remove excess PDMS macromonomer and
dried under vacuum at 60°C. NMR analysis of
the raw copolymer yielded an average value of
40% weight PDMS which was reduced to 32%
weight after n-hexane extraction. NMR spectra
were obtained with a General Electric QE300
300 MHz spectrometer (Fremont, CA. USA).

2.2. Gradient HPL.C

Semipreparative-scale high-performance liquid
chromatography (HPLC) separations were per-
formed on a Varian Analytical Instruments (San
Fernando, CA, USA) Model 5060 ternary gra-
dient chromatograph with a LiChrospher Sil00
10 pm silica 250 X 4.6 mm column (EM Sepa-
rations, Gibbstown, NJ, USA). Gradient elution
separations were performed at 1.0 ml/min on
100-p1 sample injections from 40 to 100% (v/v)
solvent B in cyclohexane linear over 50 min
followed by a 10-min hold. Solvent B was 10%
(v/v) ethanol in toluene. No attempt was made
optimize the gradient shape beyond linear. Col-
umn void volume was determined as 2.45 ml and
gradient pumping system lag volume 3.27 ml to
the column inlet. Solvents were obtained from
J.T. Baker (Phillipsburg. NJ, USA) (toluene and
cyclohexane, HPLC grade) and Quantum
Chemical (Tuscola, IL. USA) (absolute etha-

nol). The eluent flow was split 20:1 to an ISCO
(Lincoln, NE, USA) Model FOXY fraction
collector and an Applied Chromatography Sys-
tems (Cheshire, UK) Model 750/14 evaporative
light-scattering  (ELS) detector with an
evaporator temperature setting of 80 and nitro-
gen gas flow pressure of 25 p.s.i.g. (1 p.s.i. =
6894.76 Pa).

The solubility of a PMMA narrow standard
(molecular mass M, = 185 000) was evaluated
in the HPLC solvent system {cyclohexane—
toluene—ethanol) by a method similar to that of
Ref. [13]. A stock solution of 10 mg/ml PMMA
was prepared in ethanol-toluene (10:90) and
subsequently used to prepare a series of 1.0
mg/ml solutions varying in cyclohexane content
from 40% to 90% by volume. After standing
overnight, 100-ul aliquots of these solutions
were injected on the LiChrospher Sil00 column
with a 15 min linear gradient from 40 to 100%
solvent B in cyclohexane. The peak area by ELS
detection was plotted as a function of sample
solvent concentration and the midpoint of 40.3%
(v/v) cyclohexane determined as the solubility
limit of PMMA in this solvent system.

Gradient elution HPLC separation with a
solvent-evaporation FT-IR interface was per-
formed on a Perkin-Elmer (Norwalk, CT, USA)
Series 4 quaternary gradient chromatograph with
the same column and solvent conditions as
above. The solvent-evaporation FT-IR interface
was of our own design, but similar to those of
Dekmezian et al. [14] and Cheung and co-work-
ers [15,16]. Copolymer fractions of 75 s duration
starting at 20 min elution time were spray de-
posited onto 115°C 13X 2 mm polished ger-
manium disks (Spectral Systems, Hopewell Junc-
tion, NY, USA) at 50 Torr (1 Torr = 133.322 Pa)
in a 75°C chamber.

2.3. Size-exclusion chromatography

Graft copolymer SEC was performed on either
of two systems. For copolymer analysis with the
solvent-evaporation FT-IR interface, SEC sepa-
rations were performed with a Perkin-Elmer
Series 4 chromatograph on a three-column set of
PLgel 10 wm 300 X 7.5 mm mixed bed columns
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(Polymer Labs., Amherst, MA, USA) at 1.0
ml/min freshly distilled THF (J.T. Baker) with
200-u1 injections of 3.0 mg/ml. Differential
refractive index (DRI) detection was done using
a Waters—Millipore (Milford, MA, USA) Model
R401. The SEC column set was calibrated with
narrow polystyrene (PS) standards and the log
M -retention volume data fitted with a third-
order polynomial. Copolymer fractions were
deposited with the solvent-evaporation FT-IR
interface on 100°C disks at 50 Torr in a 65°C
chamber in 30-s increments starting at 17 min
elution time. SEC with molecular-mass-sensitive
detection was performed on a system described
previously [17] using DRI, LALLS and differen-
tial viscometry detection with three PLgel 5 um
300 x 7.5 mm mixed bed columns. Universal
calibration was done with narrow PS standards
ranging from 0.01 to 2.5 mg/ml decreasing with
increasing molecular mass at minimum detect-
able concentrations.

SEC of the PDMS macromonomer in toluene
(J.T. Baker) was at 1.0 ml/min on a three-
column set of 10 wm 300 X 7.5 mm PLgel mixed
bed columns. Detection was with a model R401
DRI detector from 200-ul injections of 2.0 mg/
ml samples and narrow PS standard calibration.
PS equivalent weight average M, =12 300 and
number average M, =10600. Conversion to
PDMS equivalent values with Mark—Houwink
coefficients yielded M, =13100 and M, =
11 400. Mark-Houwink coefficients in toluene
were PS: K=1.12-10"" dl/g, «=0.722 and
PDMS: K =1.36-10"" dl/g, a = 0.69.

2.4. Fourier transform infrared spectrometry

FT-IR spectra of the deposited copolymer
fractions were obtained on a Mattson Polaris
FT-IR spectrometer (Madison, WI, USA) with
16 scans at 4 cm ™' resolution. All copolymer film
fractions were solvent annealed [16] with di-
chloromethane (J.T. Baker) vapor prior to FT-
IR analysis. Quantitative calculations of copoly-
mer fraction composition from FT-IR spectra
were performed by a PLS-2 algorithm using
GRAMS 386 software (Galactic Industries,
Salem, NH, USA) and FT-IR calibration spectra

of solvent-cast films of molecular mass 130 000
PMMA and 265 000 PDMS standards (American
Polymer Standards).

3. Results and discussion

Considerable discussion has appeared in the
literature concerning chemical composition sepa-
rations of copolymers by HPLC dominated
either by precipitation/redissolution or adsorp-
tion phenomena [18-20]. The general goal is to
obtain copolymer resolution based on chemical
composition with as little confounding molecular
mass resolution as possible. It is therefore desir-
able to take advantage of both precipitation and
adsorption retention in a synergistic manner to
obtain the required separation [13].

Precipitation HPLC is performed with the use
of a gradient from a non-solvent to increasing
percentages of a good solvent on a stationary
phase possessing weak adsorption interactions
for the copolymer. In many cases the effect of
copolymer molecular mass is mixed with that of
chemical composition in a precipitation HPLC
separation [21). In contrast, adsorption retention
controls separation when the copolymer mole-
cules are soluble in all solvent compositions
during a gradient elution HPLC separation.
Strong adsorption interactions on small-pore
column packings provide copolymer retention
resulting in composition separations with very
little molecular mass influence [22].

Usually a compromise between copolymer
solubility and chromatographic solvent strength
range is required to obtain copolymer separation
over a broad chemical composition distribution.
At best a synergistic combination may be ob-
tained which allows initial retention of copoly-
mer molecules by precipitation in a non-solvent-
rich eluent and subsequent adsorption retention
interactions after the solubility limit has been
exceeded during the gradient [13]. Such a system
was employed for the gradient HPLC separation
of a PMMA-g-PDMS copolymer sample by
chemical composition as shown in Fig. 1.

The ELS detector signal (Fig. 1) provides a
convenient method of observing the elution of
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Fig. 1. Gradient elution HPLC chromatogram of a 1.0 mg
injection of PMMA-g-PDMS copolymer. The evaporative
light-scattering detection response (solid line) is overlayed on
the total copolymer mass (OJ) (PMMA + PDMS) calculated
from FT-IR spectra of solvent-evaporation interface depos-
ited fractions. The weight percent PDMS incorporation
values derived from the FT-IR spectra are shown as O.

non-volatile copolymer components during a
gradient HPLC separation without regard to
analyte or solvent chromophores. However, the
ELS response is a complex function of analyte
concentration and composition and is not easily
calibrated [23,24]. An additional means of detec-
tion is required to provide chemical functional
group information across the chromatogram,
namely FT-IR spectrometry with a solvent-
evaporation interface [14-16].

Fig. 2 shows the FT-IR spectrum obtained
from a dried film of a 75-s HPLC fraction of
PMMA-g-PDMS near the chromatogram peak
maximum of Fig. 1. Excellent signal-to-noise and
spectral band shapes are obtained for this frac-
tion corresponding to less than 90 ug of co-
polymer. Quantitative FT-IR analysis of seven-
teen deposited film fractions across the HPLC
chromatogram shown in Fig. 1 indicates a mono-
tonic decrease in PDMS incorporation in the
graft copolymer exceeding a range of 50% (w/
w). The ELS and FT-IR chromatograms are in
good agreement. Note that the ELS response
decreases more rapidly with copolymer concen-
tration in wings of the peak than does the FT-IR
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Fig. 2. FT-IR spectrum of a PMMA-g-PDMS HPLC frac-
tion collected with the solvent-evaporation interface over 75 s
elution time centered at 36.875 min (see Fig. 1). The
spectrum was collected from 16 scans at 4 cm ™' resolution
from less than 90 wug of copolymer after annealing with
dichloromethane vapor.

data. This is consistent with the usual non-linear
ELS concentration response.

PDMS homopolymer is completely soluble in
these gradient solvents and is unretained on the
silica packing. However, since the majority of
the PMMA-g-PDMS sample is insoluble in the
starting eluent solvent of cyclohexane—toluene—
ethanol (60:36:4, v/v/v), the mode of retention
is in question. PMMA homopolymer was ob-
served to have a solubility limit of cyclohexane—
toluene—ethanol (40.3:53.73:5.97, v/v/v). Tak-
ing into account the gradient lag and column
void volume, this corresponds to an elution
volume of 22.1 ml. Fig. 1 clearly indicates that
nearly all copolymer components are retained
beyond this solubility limit even though increas-
ing PDMS incorporation only increases copoly-
mer solubility. Indeed, the observed elution
volume of PMMA is shown in Fig. 3 to be at the
end of the copolymer distribution for a molecu-
lar mass 49 700 standard. Note that although the
copolymer chromatogram tails out to the elution
time of PMMA, no resolved PMMA homopoly-
mer was observed to be present from the graft
copolymerization reaction.

The retention process for PMMA-g-PDMS in
this solvent system on silica relies on initial
precipitation of the copolymer followed by ad-
sorption retention after redissolution in the sol-
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Fig. 3. Comparison of the gradient elution HPLC chromato-
grams of 10.0 mg of PMMA-g-PDMS and 0.5 mg of a
molecular mass 49 700 PMMA. The intervals used for semi-
preparative fraction collection of the graft copolymer are
shown in the numbered boxes.

vent gradient. PDMS has only weak adsorption
interactions on silica; however PMMA cannot be
eluted with toluene as the strong solvent [13].
Therefore, a low percentage of ethanol was
added as a hydrogen-bond displacer [22], despite
the fact that ethanol is a non-solvent for both
graft copolymer components.

The molecular mass resolution of this sepa-
ration was evaluated with a series of narrow
PMMA standards. The data for PMMA elution
volume converted to the corresponding solvent
composition at elution is shown in Fig. 4. The
small pores (nominal 100 A) of the silica column
packing provide exclusion and nearly molecular
mass independent elution for PMMA in excess
of 48 800. The effect of low-molecular-mass
resolution is shown in the fronting peak shape of
the 49 700 PMMA in Fig. 3. Similar results have
been observed previously for a different solvent
system on this type of silica adsorbent [13].
Molecular-mass-independent separations under
adsorption conditions have also been reported by
Mori [22] for styrene—alkyl methacrylate copoly-
mers. Unfortunately. a narrow-composition mo-
lecular mass series of graft copolymers was not
available to determine the generality of this
phenomenon for the current study.
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Fig. 4. Variation of solvent concentration required for
PMMA elution from 100 A pore silica as a function of
polymer molecular mass.

The compositional heterogeneity observed ac-
ross the SEC molecular size separation of the
whole PMMA-g-PDMS sample (Fig. 5) was also
determined using the solvent-evaporation FT-IR
interface. Since the PDMS copolymer compo-
nent is isorefractive with the THF SEC mobile
phase, the molecular size distributions given by
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Fig. 5. Comparison of the PS equivalent molecular mass
distributions from DRI response (solid line) and mass of
PMMA (0O) determined from FT-IR spectra from the sol-
vent-evaporation interface for 0.6 mg of a whole PMMA-g-
PDMS sample. Variation in the FT-IR determined weight
percent PDMS is shown as O.
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the DRI detector 1s compared with that of the
PMMA portion of the copolymer calculated
from the FT-IR spectra. The agreement is quite
good. Note that, although the average values of
PDMS obtained from HPLC (55.0%. w/w) and
SEC (52.5%, w/w) are in good agreement, the
range of compositions observed across the chro-
matogram is dramatically reduced in SEC by the
overlap of various compositions of similar molec-
ular size. In addition, the average composition
values from the FT-IR data for both HPLC and
SEC appear biased toward prediction of high
PDMS incorporation relative to NMR analysis.
This most likely results from the use of homo-
polymer standards for the PLS-2 calibration set
despite linear calibration results. Copolymer
standards are not currently available and alter-
natives are being investigated.

Additional information regarding the joint
composition and molecular mass distributions of
graft copolymers may be obtained by orthogonal
separations. Augenstein and Stickler [24] pre-
sented a detailed experimental investigation of
the precipitation HPLC separation of ter-
polymers produced by methyl methacrylate
grafting-from ethylene—propene-diene copoly-
mer. HPLC was performed on weakly adsorbing
cyanopropyl-bonded silica with a THF-2,2,4-tri-
methylpentane gradient subsequent to SEC frac-
tionation. ELS detection of the HPLC chromato-
grams clearly showed the compositional hetero-
geneity present in the graft copolymer as a
function of molecular size, but was unable to
quantify the actual copolymer composition due
to the lack of ELS detector selectivity.

Further characterization of the graft copoly-
mer structure of PMMA-g-PDMS was pursued
in the current experimental study after having
established that a chemical composition sepa-
ration could be efficiently performed by adsorp-
tion HPLC with presumably minimal molecular
mass influence. SEC with molecular-mass-sensi-
tive detection (LALLS, differential viscometry
and DRI [17]) provided an attractive approach
to obtaining detailed information about both the
mass of the whole copolymer molecule and that
of the PMMA backbone by use of a mobile
phase solvent (THF) isorefractive with the

PDMS side chains. As discussed below, the
narrow composition fractions provided by HPLC
separation were better suited to molecular-mass-
sensitive detection methods than the whole co-
polymer by minimizing errors introduced by the
effect of copolymer composition heterogeneity
on refractive index and hydrodynamic size.

It is difficult to obtain accurate molecular mass
data from SEC of a compositionally heteroge-
neous copolymer primarily due to the lack of
accurate concentration detector response. Calcu-
lation of molecular mass by universal calibration
using differential viscometry (DV) and DRI
detection is performed by calculation of the local
intrinsic viscosity at each retention volume ac-
cording to Eq. 1 [25].

nﬁp.l

Il ==~ (1)

The local intrinsic viscosity, [n],, at each
elution volume data point is calculated from the
specific viscosity, 7,, ;, measured by the DV and
the local concentration, c;. The ¢, at each elution
volume data point is conventionally obtained
from the injected sample mass, m, with the DRI
response normalized across the entire chromato-
gram of n data points, where W, is the DRI
response at each volume increment Av as shown
in Eq. 2.

W
=T m (2)
> W Av
i1

A fit to the universal calibration data deter-
mined for the SEC column set using narrow
polymer standards then yields the molecular
mass distribution plot.

(0] M, = [n].M, 3

If the copolymer sample is heterogeneous in
composition across the SEC chromatogram, then
the DRI response varies with copolymer refrac-
tive index yielding inaccurate local concentration
values. In turn Eq. 1 provides inaccurate local
intrinsic viscosity values and thereby Eq. 3 yields
incorrect molecular masses, M,.

The variation in PMMA-g-PDMS copolymer
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composition across the SEC profile was deter-
mined from FT-IR spectra of deposited fractions
and is shown in Fig. 5. Correction of the DRI
response for local copolymer refractive index
variation [26] using the FT-IR determined co-
polymer composition might yield an improved
molecular mass distribution using universal cali-
bration. However, the propagation of error
through this series of data corrections is not
likely to yield accurate results beyond the center
of the copolymer distribution.

Despite the copolymer compositional hetero-
geneity overlapping the SEC molecular size
separation, an alternative exists for molecular
mass determination using LALLS detection.
SEC in a solvent isorefractive with the PDMS
side chains of the graft copolymer allows accu-
rate molecular mass determination of the
PMMA backbone [27]. Eq. 4 gives the relation-
ship between the excess Rayleigh scattering, Rm,
and M, at each elution volume.

K*c, 1
R, =t 2A, ¢, (4)

i

The instrumental constant, K*, is given by Eq.
5 from the solvent refractive index, n,, the
polymer refractive index increment, (dn/dc), the
laser wavelength in vacuum, A,. and Avogadro’s
number, N,.

_4a Ag(on/dc)?

K*
NyAy

)

The second virial coefficient term, 2A,,c,, in
Eq. 4 has little contribution at the low con-
centrations employed in SEC and is usually
ignored. For a copolymer of segregated
comonomer units, such as the current graft
copolymer, the refractive index increment can be
accurately replaced by the average refractive
index given by Eq. 6.

(8n/ac) = (In/3c) A X5 + (91 3C)uX g (6)

The average refractive index increment of the
copolymer, (dn/dc). is related to those of the
corresponding homopolymers [(dn/dc), and (on/
dc)y] by their respective weight fractions of

comonomer incorporation, (x, and xy). In THF
(9n/9c)ppms =0 and therefore (dn/dc)=(on/
3¢) pmmaXpmma- I addition, the concentration of
the PMMA backbone at each elution volume
data point is accurately given by Eq. 2 provided
m is replaced with the injected sample mass of
PMMA in the copolymer. The molecular mass
distribution of the PMMA backbone of the graft
copolymer shown in Fig. 6 is thereby obtained
directly from Eq. 4. This isorefractive solvent
approach has also been discussed by Prud’hom-
me and Bywater [28] for the characterization of
block copolymers.

The difficultly of erroneous concentration de-
tector (DRI) response due to compositional
heterogeneity can be resolved by the prior
HPLC separation of the graft copolymer into
narrow composition fractions. However, applica-
tion of SEC to HPLC fractions was limited by
requiring sufficient mass of HPLC fractions to
obtain accurate concentration solutions for SEC
molecular-mass-sensitive detector calculations.
The semipreparative-scale HPLC chromatogram
of the PMMA-g-PDMS sample was shown in
Fig. 3 in comparison to a PMMA standard of
similar M to the cutoff value of Fig. 4. Overload
HPLC shows only moderate peak distortion
consistent with an adsorption copolymer reten-
tion mechanism [29].

The somewhat overloaded HPLC composition
separation prior to SEC provides more uniform
chemical composition fractions despite only
moderate narrowing in molecular mass distribu-
tion. This is shown in Fig. 7 for SEC-FT-IR of a
HPLC fraction collected near the peak maximum
of Fig. 3. The minimal resolution loss due to
HPLC overload is indicated by comparison of
the average PMDS value for the two HPLC
spectra covering the same elution range of Fig. 1
(39.2%, w/w) and the overall average across the
entire peak of Fig. 7 (39.7%, w/w). In addition,
these more narrow composition fractions allowed
increased accuracy in the normalized DRI con-
centration response for use with differential
viscometry and universal calibration molecular
mass calculations.

SEC with molecular-mass-sensitive detection
was applied to each HPLC composition fraction
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Fig. 6. Low-angle laser-light scattering molecular mass distribution of 0.4 mg PMMA—-g-PDMS using the PMMA-corrected
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Fig. 7. SEC analysis of a 2.0-ml fraction centered at 38 min
elution time for a gradient elution HPLC separation of 10.0
mg of PMMA-¢g-PDMS (see Fig. 3). The PS equivalent
molecular mass distributions are shown for DRI response
(solid line) and mass of PMMA (0J) determined from FT-IR
spectra from the solvent-evaporation interface for 0.6 mg of
copolymer. Variation in the FT-IR-determined weight percent
PDMS is shown as C.

Table 1
Gradient HPLC fractions of PMMA-g-PDMS copolymer

HPLC Mass of True SEC DRI

fraction fraction injected calculated

No. isolated concentration PDMS
(mg) (mg/ml) (%, w/w)

1 Insufficient mass for analysis

2 2.67 1.60 58.6

3 6.12 1.83 43.0

4 14.60 1.64 28.1

S 17.00 1.91 27.0

6 4.12 1.85 17.9

Whole sample - 1.77 32

Fractions combined from five repeat HPLC separations
totalling 50 mg.

listed in Table 1. The calibrated DRI response
was used to determine the concentration of
PMMA in each sample and by difference the
weight percent PDMS. The PMMA-corrected
concentration and PMMA (9n/dc) was then used
to calculate the molecular mass distribution from
the LALLS response. The true concentration
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Table 2
SEC results for gradient HPLC composition fractions of
PMMA-g-PDMS copolymer

HPLC  Universal LALLS M, Calculated weight-
fraction calibration of PMMA  average PDMS branches

No. M, backbone per copolymer molecule
2 78 500 26 800 3.95
3 90 800 47 800 3.28
4 136 000 91 000 3.44
5 202 000 144 000 4.43
6 199 000 164 000 2.67

and normalized DRI response was used with the
differential viscometry detector to calculate the
universal calibration molecular-mass distribution
for each copolymer fraction. Thereby SEC of
each HPLC fraction resulted in two molecular
mass values as listed in Table 2, the molecular
mass of the whole copolymer molecule and that
of the PMMA backbone. The difference be-
tween these values was then divided by the
molecular mass of the PDMS macromonomer
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Fig. 8. Comparison of the universal calibration (UCAL, <)
and low-angle laser-light scattering (LALLS, J) weight-
average molecular masses determined for HPLC fractions
(Fig. 3) of PMMA-g-PDMS. The mass of copolymer frac-
tions (O) isolated from gradient elution HPLC indicates the
composition separation profile. Data from Tables 1 and 2.
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Fig. 9. Comparison of the universal calibration weight-aver-
age molecular mass (&) of each HPLC composition fraction
with the DRI-determined weight percent PDMS incorpora-
tion (O) and the estimated weight-average number of PDMS
side chains per copolymer molecule (O). Data from Tables 1
and 2.

M, =13 100 to obtain an estimate of the weight-
average number of PDMS side chains per co-
polymer molecule.

The data of Tables 1 and 2 are plotted in Figs.
8 and 9. The universal calibration molecular
mass of the whole copolymer molecule and the
LALLS determined molecular mass of the
PMMA backbone are nearly parallel across the
HPLC elution range as shown in Fig. 8. The
mass of the isolated HPLC fractions gives an
indication of the HPLC chromatogram consistent
with Fig. 3. The DRI calculated weight percent
PDMS is seen to decrease monotonically across
the series of HPLC fractions in Fig. 9. In
comparison with the steadily increasing molecu-
lar mass of the copolymer molecules, the esti-
mate of the weight-average number of PDMS
branches per graft copolymer molecule is rela-
tively constant.

4. Conclusions

HPLC composition separation of PMMA-g-
PDMS copolymer was achieved by adsorption
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retention after initial precipitation. Relative to
the observed retention behavior of PMMA, the
HPLC separation was expected to be nearly
independent of molecular mass for polymer
molecules in excess of 48 800. FT-IR detection
using a solvent-evaporation interface indicated a
broad range of copolymer compositions present
in a radical-polymerized PMMA-g-PMDS co-
polymer prepared from methyl methacrylate
monomer and a 13 100 PDMS macromonomer.
The same degree of compositional heterogeneity
was not directly observable by SEC-FT-IR due
to the coelution of a range of different copoly-
mer compositions with similar molecular size in
solution.

Semipreparative HPLC of the graft copolymer
sample allowed preparation of more narrow
composition fractions for subsequent SEC
characterization. SEC with molecular-mass-
sensitive detection (differential viscometry and
LALLS) allowed estimation of both the whole
copolymer molecular mass and that of the
PMMA backbone in each HPLC composition
fraction. Comparison of these results with the
molecular mass of the starting PDMS mac-
romonomer allowed calculation of the weight
average number of PDMS branches per copoly-
mer molecule. These results indicated a narrow
range of the number of branches per molecule,
but a steadily decreasing weight percent incorpo-
ration of PDMS with increasing copolymer mo-
lecular mass.

These experimental studies establish that gra-
dient elution adsorption HPLC can be an effi-
cient means of resolving broad composition
heterogeneity in graft copolymers. Isolated nar-
row composition fractions from an HPLC sepa-
ration can then be characterized by SEC with
molecular-mass-sensitive detection to provide
detailed structural information. The solvent-
evaporation FT-IR interface was shown to be a
powerful tool for obtaining quantitative composi-
tion information across both SEC and gradient
HPLC separations. As essentially a microfrac-
tion collection device, the solvent-evaporation
interface lends the possibility of performing
subsequent analyses, such as SEC with molecu-

lar-mass-sensitive detection, on HPLC fractions
whose composition has been quantitatively de-
termined by FT-IR spectrometry. These ap-
proaches are under continuing investigation.
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