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ABSTRACT: Statistical copolymers of hydroxyethyl methacrylate (HEMA) and (dimethylamino)ethyl methacrylate
(DMAEMA) were synthesized by atom transfer radical polymerization (ATRP) at the azeotropENin
dimethylformamide (DMF) with controlled molecular weights and molecular weight distributions (genedaly.

Since the polymerization takes place at the azeotrope, the polymer composition is fixed at the monomer feed
composition (HEMA molar compositiors 0.718), and there is little compositional drift with total monomer
conversion. Poly(HEMAco-DMAEMA) copolymers were also successfully synthesized from a polystyrene
macroinitiator previously made by ATRP. Solution-cast thin films of polystyiepely(HEMA-co-DMAEMA)
amphiphilic diblock copolymers exhibit ordered and periodic nanoscale structures with morphologies that depend
on the relative volume fractions and casting solvent used.

Introduction it is desirable to statistically copolymerize HEMA and DMAE-
MA to produce functional hybrid materials that combine the
biocompatibility of HEMA with the pH responsiveness of
DMAEMA. 2122 Traditional copolymerization methods (gener-
ally photoinitiated free-radical polymerization in the presence
of a cross-linkeRt for creating HEMA-DMAEMA hydrogel
networks, however, offer little control over comonomer distribu-
tion, cross-linking density, molecular weight, or molecular
weight distribution. This limitation has in turn restricted the

Free-radical polymerizations have been widely used in the
synthesis of functional polymers because the active speaies
free radicat-is capable of propagating a variety of monomer
and monomer functionalities. The recent development of
“controlled” free-radical techniques, such as atom transfer
radical polymerization (ATRP),has led to improved control
over molecular weight distributions of the resulting polymers.
A_dditio_nally, since ATRP relies on radical capping_anql uncap- design and synthesis of model hydrogel systéis.
ping with a metal ligand complex, these polymerizations can ) i L
be stopped and restarted at will during the course of the Inth|§ work, we report the synthe_S|_s and c_he_lractenzatlon of
reactions. The combination of these attributes has made ATRpWell-defined model hydrogels containing statistical copolymers
a useful polymerization scheme for synthesizing well-defined ©F HEMA and DMAEMA. The statistical copolymer was
model polymers, and even functional block copolymers with SYNthesized at the compositional azeotfSjie N,N-dimethyl-
drastically different chemical functionaliti@sFor example, ~ formamide (DMF). The polymerization kinetics showt#
hydroxyethyl methacrylate (HEMA) and (dimethylamino)ethyl depgndence, charactgrlstlc of ATRP reactions in a.heterogeneous
methacrylate (DMAEMA) are two hydrophilic methacrylate me_dlum?_4 T_he r_esultlng copolyme_rs are narrow in molecular
monomers that cannot be easily polymerized by conventional Weight distributions £1.2), indicating excellent control over
anionic techniques. Yet, with ATRP, both poly(HEMA) and the polymenzat|on..S|nce the pqumerlzqtlons were carried out
poly(DMAEMA) have been synthesized in controlled fashidns. &t the azeotrope, little compositional drift along the polymer
In particular, HEMA can be successfully polymerized in both chain is observed, and the re_s_ultlng polymer composition is t_h_at
silyl-protected and unprotectéd?! forms: the resulting mo- of thg monomer fe_ed composition. To demonstrate the versatility
lecular weight distributions range from 1.1 to 1.5. DMAEMA  Of this polymerization, poly(HEMAco-DMAEMA,) copolymers
homopolymerization by ATRP also results in polymers with Were also synthesized from a pollystyr.ene macroinitiator made
narrow molecular weight distributions<(..07)1%-14 Block previously by ATRP. The_ resul_tlng dl_block copolymers also
copolymers of HEMA and DMAEMA with controlled molecular have narrow molecular weight distributiorrsX.15). When cast

weight distributions have also been successfully demonstratedifOM neutral or near-neutral solvents, polystyrérgely-
by ATRP! (HEMA-co-DMAEMA) diblock copolymers spontaneously

microphase separate to produce ordered nanoscale struc-
tures depending on the volume fractions as well as the casting
solvent.

Poly(HEMA) is an important hydrophilic polymer, with
current uses in contact lens€jiocompatibilizatiorté and drug
delivery!” Poly(DMAEMA) is a bioactive material that is
responsive to changes in pH, as its tertiary amine functional
group can be easily protonated below ik pf 7.518 Micelles
and amphiphilic networks of block copolymers containing  Materials. Styrene (Aldrich, 99%) and 2-(dimethylamino)ethyl
HEMA® and/or DMAEMA!21920have therefore been investi- ~Methacrylate (DMAEMA, Acros, 98%) were passed through a

gated in controlled drug release applicatihtn some cases column of activated basic alumina and stored over molecular sieves
' prior to use. 2-Hydroxyethyl methacrylate (HEMA, Acros, 98%)

was purified by vacuum distillation (40 mTorr, 8&) to remove
* Corresponding author. E-mail: lloo@che.utexas.edu. ethylene glycol dimethacryldigrior to use N,N-Dimethylforma-
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mide (DMF, Fisher Scientific) was dried over molecular sieves.

1-Bromoethylbenzene (Alfa Aesar, 97%), CuBr (Aldrich, 98%),
CuCl (Aldrich, 98%), CuBs (Aldrich, 98%), ethyla-bromoisobu-
tyrate (EBB, Aldrich, 98%), N,N,N',N"",N""-pentamethyldiethyl-
enetriamine (PMDETA, Aldrich, 99%), and 1,2,4-trimethoxyben-
zene (Acros, 97%) were used as received.

Synthesis of Poly(HEMA-co-DMAEMA) Statistical Copoly-
mer. HEMA (6.80 g, 51.2 mmol), DMAEMA (3.20 g, 20.0 mmol),
CuCl (22.5 mg, 0.225 mmol), CuBr2.65 mg, 0.012 mmol),
PMDETA (41.5uL, 0.237 mmol), 6 mL of 1,2,4-trimethoxybenzene

ATRP of Poly(HEMA-co-DMAEMA) and BCPs with PS 2475

MA) polymer samples will be referred to as S/H@Y, with x and

y being the absolute number-average molecular weights of the
polystyrene and poly(HEMAo-DMAEMA) blocks, reported in
kg/mol, respectively.

Characterization. GC was carried out on an Agilent Technolo-
gies 6850 Series Il Network GC system equipped with a poly-
(dimethylsiloxane) capillary column (12 m 200um x 0.25um)
with H, as eluent at a flow rate of 1.5 mL/min and with a
temperature ramp rate of 2C¢/min and a flame ionization detector
operating at 300C with a H, flow rate of 40 mL/min. 1,2,4-

(gas chromatography standard), and 50 mL of DMF were added to Trimethoxybenzene (1/1 v/v to HEMA) was added to the polym-
a 100 mL flask equipped with a magnetic stir bar. The molar erization medium as an internal GC standard. GC samples were
composition of the HEMA monomer, relative to the total monomer diluted with acetone prior to characterizatidd.NMR spectroscopy
feed composition, was 0.718. This monomer feed composition was was performed in deuterated DMF on a Varian Utit300 MHz

chosen because it represents the azeotropic compasitidren

NMR spectrometer. An Optilab DSP interferometric refractometer

copolymerization takes place in DMF; any other feed compositions (Wyatt Technology Corp.) was used to measure tiidadof poly-
would have resulted in compositional drifts along the final polymer (HEMA-co-DMAEMA) in DMF at varying concentrations. Gel

(see Results and Discussion section for more def&ilEhe flask

permeation chromatography was performed using a GPC system

was sealed with a septum, placed in an oil bath preheated to 45equipped with a Waters 515 HPLC solvent pump, two PLgel

°C, and purged with hfor 30 min. The reaction was then initiated
by the addition of EBB (35.9uL, 0.237 mmol). Positive Mpressure

mixed-C columns (5um bead size, MW range 26@ 000 000
g/mol, Polymer Laboratories Inc.) connected in series with the same

was maintained throughout the polymerization. Aliquots were drawn interferometric refractometer used fon/dc measurements and a
at successive time points for a maximum time of 24 h for gas multiangle laser light scattering (MALLS) detectdr £ 690 nm,
chromatography (GC) analysis. GC samples were diluted with DAWN-EOS, Wyatt Technology Corp.). DMF with 0.05 M LiBr
acetone and injected without further purification. To terminate the (Aldrich) was used as the mobile phase at a flow rate of 1.0 mL/

polymerization, the remainder of each aliquot was cooled 1€ 0

min at 60 °C. The absolute molecular weights of polystyrene

and then exposed to air. The polymerization medium was subse-macroinitiators and poly(HEMAo-DMAEMA) statistical copoly-
quently diluted with tetrahydrofuran (THF) and passed through mers were obtained from GPC data given kné%and calculated
neutral alumina to remove copper salts. The solution was then dn/dc values, respectively. The absolute molecular weights of

dialyzed against THF (10 mL of solution/100 mL of THF) for 24

polystyreneb-poly(HEMA-co-DMAEMA) block copolymers were

h to remove DMF. Upon further concentration, the solution was determined given the absolute molecular weight of the appropriate
precipitated into hexanes. The filtered polymer was dried in vacuo polystyrene macroinitiator ariti NMR compositional analysis (see

at room temperature for 24 h.

Synthesis of Bromine-Terminated Polystyrene Macroinitiator
by ATRP. Styrene (13.6 g, 127 mmol), CuBr (186 mg, 1.30 mmol),
CuBr, (14.2 mg, 0.060 mmol), PMDETA (233L, 1.33 mmaol),

Results and Discussion section for more details). Small-angle X-ray
scattering (SAXS) was performed in a long-range sample chamber,
and scattered photons were collected on a 2D multiwire gas-filled
detector (Molecular Metrology, Inc.). X-rays were produced by a

and 30 mL of anisole were added to a 100 mL flask equipped with fotating copper anode X-ray generator (Bruker Nonius; 1.5406
a magnetic stirrer bar. The flask was sealed with a septum, placed®) Operating at 3.0 kW. The scattering angle was calibrated with

in an oil bath preheated to 12C, and purged with Nfor 30 min.

a silver behenate (CGJfCH,).0COOAQ) standard. SAXS profiles

The reaction was then initiated by the addition of 1-bromoethyl- Were acquired for 2 h.

benzene (23%L, 1.30 mmol) and was carried outrf@ h and 50

min. The reaction flask was removed from the oil bath and cooled Results and Discussion

to 0 °C, and the solution was exposed to air; this procedure
terminated the polymerization. The solution was then diluted with

Kinetics of Poly(HEMA-co-DMAEMA) Azeotropic Co-

THF and passed through neutral alumina to remove copper salts.Polymerization. HEMA and DMAEMA were copolymerized
Finally, the solution was concentrated and precipitated into in DMF by ATRP with EBB. We chose a mixed halide system

methanol. The polymer was collected by filtration and was dried consisting of a bromine initiator (EB) and a CuCl catalyst.

in vacuo for 24 h to yield a polystyrene macroinitiator with an

The use of mixed halide systems to better control ATRP

absolute number-average molecular weight of 6500 g/mol and a polymerizations was first reported for the synthesis of poly-
molecular weight distribution of 1.02, as determined by gel (methyl methacrylate), PMMA® In particular, EBB has a

permeation chromatography (GPC) with THF as eluent.

Synthesis of Polystyrends-poly(HEMA- co-DMAEMA) Diblock
Copolymers. HEMA, DMAEMA, CuCl, CuBr,, PMDETA, and

higher rate of initiation relative to its chlorine counterpart (ethyl
2-chloroisobutyrate), while CuCl has slower propagation com-
pared to CuBf82°There is therefore consensus that the use of

1,2,4-trimethoxybenzene were added to a 100 mL flask equipped sych mixed halide initiatercatalyst systems can result in faster

with a magnetic stir bar in the same molar ratios as those for the

statistical copolymerization of HEMA and DMAEMA described

above. To study the effects of compositional drift, we also carried
out a separate polymerization away from the azeotrope, at a HEMA

initiation but better controlled propagatiéhwhich in turn can
improve control over molecular weights and can generally lead
to narrower molecular weight distributions. It follows that such

molar monomer composition of 0.25. In this particular case, 2.40 Mixed halide systems are especially effective for the polymer-

g of HEMA (17.8 mmol) and 8.60 g of DMAEMA (53.3 mmol)

ization of monomers with high propagation constants, such as

were used instead of the previously noted quantities. 40 mL of DMF HEMA.*° We also added CuBuat the onset of polymerization
was also added to the reaction flask. The flask was sealed with ato help maintain a decent rate of radical deactivation and to

septum, placed in an oil bath preheated t@5and purged with

N for 30 min. Separately, the polystyrene macroinitiator (1.54 g,

0.237 mmol) in 10 mL of DMF was preheated at45and purged

with N, for 30 min. The reaction was initiated by adding the warm

effectively suppress the rate of radical terminafibn.

The kinetics of poly(HEMAeo-DMAEMA) copolymerization
are shown in Figure 1l). The polymerization kinetics do not

macroinitiator solution to the reaction flask. Aliquots were taken ©P€Y clggsical first-order ATRP kineti€3nor do they proceed
throughout the reaction, and GC analysis and subsequent polymeMith a t#* dependence, as suggested by the persistent radical

cleanup proceeded as described above for poly(HEMA-
DMAEMA) copolymers. Polystyrené-poly(HEMA-co-DMAE-

effect theory?334 Rather, our poly(HEMAco-DMAEMA) po-

lymerization kinetics data appear to be described b’gl’%CDV
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S Subjecting our data to a best fit yields= 8.41 x 107+ mol

t4r * L=t andB = 5.59 x 10* L3 mol=3 s1 (correlation coefficient
1.2} - = 0.9957).
10k i We also synthesized block copolymers of polystyrbrmsly-
— (HEMA-co-DMAEMA). These block copolymers were synthe-
50-3 i T sized from a polystyrene macroinitiator that was previously
Soel i made by ATRP Ifl, = 6500 g/mol; Mw/M, = 1.02). The
= polymerization kinetics of poly(HEMAz:o-DMAEMA) from a

o
'S
L)

1 6500 g/mol polystyrene macroinitiator are also shown in Figure
1 (®). The kinetics data are quantitatively similar to that of poly-
(HEMA-co-DMAEMA) copolymerization with EBB (M), and

o
N
T

0.0 05 1.0 1.5 2.0 2.5

0.0 Reaction Time, t (hr) . ] the polymerization proceeds witH® kinetics. There is, however,
6 5 10 15 2'0 2'5 a subtle difference between the two polymerizations: there is
Reaction Time, t (hr) an induction period 0f~30 min during the onset of copolym-
Figure 1. Kinetic plot for the azeotropic atom transfer radical Zrltzatfg rl:rom the pp(;yztyretrrl]e r.nacionl;lllt:lfator. 'IihesearI.)]:. tlrﬂes
polymerization of poly(HEMAeo-DMAEMA) at 45 °C in N,N- ata (<3 h) are provided in the inset of Figure 1. Specifically,
dimethylformamide with ethy-bromoisobutyrate as the initiatcy the reaction appears to start off slowly but subsequently proceeds

and from a polystyrene macroinitiator of 6.5 kg/ma®)( Inset: at the rate with which poly(HEMAso-DMAEMA) is polym-
polymerization kinetics from the polystyrene macroinitiator at early arized when the reaction is initiated with BB We carried out
times (<3 h). similar polymerizations with a polystyrene macroinitiator of a
different molecular weight\l,, = 3200 g/mol;M/M, = 1.02).
The kinetics data also showed an induction period during the
I early stages of polymerization. Consistent with the kinetics data,
M, kjlCu ]cf Keg \? o ~1 b d I I h ;
In = 6k t+[RX],| —I[RXl, we observed a slower color change (fror_n dyll teal to bright
M] 2ktDKeq1 [cu", blue; indication of “controlled” polymerization) after the
polystyrene macroinitiator was added to the reaction medium.
This delay in initiation, however, was not observed when the
In eq 1, [M} is the initial monomer concentration, [M] is the  copolymerization was initiated with BB. Rather, the color
monomer concentration at any given tilk, is the propagation  change was almost instantaneous when we initiated the copo-
rate constantkp is the rate constant of termination by |ymerization with EBB. We presently do not understand the
disproportionation,Keq is the equilibrium constant for the  origin of this delayed initiation. We speculate, however, that
capping and uncapping reactions at the radical chain endo[RX] this slow initiation is associated with the solubility of polystyrene
is the initial initiator concentration, and [}y is the CU ceiling in DMF. Polystyrene has a solubility paramétesf dps = 9.0
concentration, which remains constant throughout the course(cal/cn?)Y/2 while DMF has a solubility paramef@rof dpue =
of the polymerization. The classical first-order ATRP kinetics  12.1 (cal/cr)V2 One can therefore imagine that the active chain
assume a constant radical concentration and is only valid whenends are buried in the rather collapsed coils of polystyrene in
the overall radical concentration is sufficiently low. Conse- DMF. The delayed initiation is thus likely to be related to the
quently, such kinetics have been observed in polymerizationstime needed for the first monomers to access the active chain
where the free radical is largely dormant (capped by metal ends. To definitively explain the induction period we observe,
ligand complex) or when the Cicatalyst concentration is  experiments varying the solubility parameter difference between
sufficiently low and the Cticoncentration is sufficiently high. the macroinitiator and the solvent will have to be carried out.
Fischer’s persistent radical effect the@ywwhich predictst® Changing the solvent quality, however, is complicated because
dependence, is valid when little or no Cis added to the it will necessarily impact the reactivity ratios of HEMA and
polymerization medium. In both cases, the reaction medium is pMAEMA, which will in turn affect the compositional unifor-
homogeneous; i.e., the metdigand complex is well solubi-  mity in the poly(HEMA-o-DMAEMA) that is formed subse-
lized. The Snijder model was developed to describe heteroge'quenﬂy_ We have therefore chosen to carry out HEMA and
neous ATRP polymerizations. In particular, this model invokes pMAEMA copolymerizations in DMF using other macroini-

dependence, as proposed by Snijder et al. (€4 1).

the notion of a Cli deactivator ceiling concentration, [, tiators, e.g., polytert-butyl acrylate)s to verify our hypothesis.
above which excess Cwill precipitate from the polymerization  These experiments are currently underway. We note that other
medium. Heterogeneous polymerizatithaf methyl methacry-  groups have also reported slow initiation from macroinitia-
late in the presence of @r/Cu'Bro/PMDETA have validated  tors1936 although explanations for such phenomenon were not
this model. provided. We stress that this slow initiation from the polystyrene

Visually, the conditions we used to copolymerize HEMA and  macroinitiator does not impact our ability to control the

DMAEMA result in a heterogeneous reaction medium; a trace composition or the molecular weight distribution of the resulting
amount of yellow-green Clprecipitant was observed at the  ¢copolymers.

bottom of the reaction flask shortly after initiation. As such, . .
we are not surprised that our kinetics data are described by the Figure 2 contains att NMR spectrum_of-S/HD 6'5127' The
proton contributions are labeled for clarity: peak& = 7.14

model proposed by Snijder and co-workérand not by the ) e .
classical first-order kinetics or the persistent radical effect theory. ppfm, t6'69 ppm; 5Ht) are tcharacitiins(t;cgf ngromat}czthdr.ogens
To fit our data, we simplified eq 1 above into an expression f:%arsaggﬂgtigeoﬁﬁaLilr;dsr)o,ggﬁs ofs‘ of_the .esteFr)%To’up in) blzth
with two lumped kinetic parameterg, andB (eq 2). HEMA and DMAEMA repeat units, peak (6 = 3.74 ppm:;
M] 2H) is characteristic of the ethyl hydrogens in HEMA, pehk
In—2 = A{(Bt+ [Rx]o)”?’_ [RX], '} ) (0 = 2.57 ppm; 2H) is characteristic of ethyl hydrogens in
[M] DMAEMA, peak e (6 = 2.25 ppm; 6H) is characteristic %EDV
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N compositional drifts along the polymer chain. To illustrate this,
we carried out a poly(HEMAco-DMAEMA) copolymerization
from the same polystyrene macroinitiator fagma = 0.25.
Aliquots were taken at several points during the reaction, and
we determined the time-averaged polymer compositions for each
aliquot by*H NMR. The time-averaged HEMA molar fractions

i within the methacrylate block are plotted against the total
monomer conversion in Figure &). At early times or low

i conversions, the methacrylate block is enhanced in HEMA
(FHEMA > fHEMA) given thatrnema > romaema. As the reaction
progresses, HEMA monomers are depleted faster than DMAE-
S SR MA monomers so the tail of the methacrylate block is enhanced

ppm in DMAEMA (relative to feed composition). For this particular
Figure 2. H NMR spectrum of polystyrenb-poly(HEMA-co- feed composition, the Skiest equafférpredicts an initial
DMAEMA) (Mnpolystyrene = 6.5 kg/mol, Mot = 33.5 kg/mol) in polymer HEMA molar composition of 0.375. This prediction
deuterated\,N-dimethylformamide. * indicates solvent peaks. is consistent with our initial data point. In the limit of complete

monomer conversiorfuema should equafyeva at 0.25. We

075 ' ' ' ' i also observe this to be true in our experiments. Since the Skiest
IS LB S SP— equation only predicts the instantaneous polymer compoétion,

070 1 we integrated the instantaneous polymer composition to estimate

0.40F ] the time-averaged polymer composition as a function of
s e monomer conversion. The dashed lines in Figure 3 represent
u_% 035 . ] the time-averaged polymer composition, predicted by the Skiest

AT equation with reactivities afyema = 0.75 and pyaema = 0.36,
030l ] at the azeotrope, and fagma = 0.25. Our experimental results

Ny agree well with the values predicted by the Skiest equation and

N implicate the importance of polymerization at the azeotrope to

025F L . L N eliminate compositional heterogeneity along the polymer chain.

0.0 0.2 0.4 0.6 0.8 1.0 . : .
Conversion, X Copolymerization outside the azeotrope, such as thii=ak

Figure 3. Hydroxyethyl methacrylate (HEMA) molar polymer com- 0.25, results in.a gradient cqpolymer, rather than a statistipal
positions during three separate atom transfer radical polymerizations COPolymer, that is enriched in HEMA at the onset and in
of poly(HEMA-co-DMAEMA): at the azeotropefiiewa = 0.718) with DMAEMA in the tail.

ethyl a-bromoisobutyrate as the initiatcll), at the azeotrope from a . i :
polystyrene macroinitiator of 6.5 kg/ma®j, and outside the azeotrope Molecular Weight Distribution . Polymers collected during

(fuema = 0.25) from the same polystyrene macroinitiata).(Dashed the azeotropic polymerizations with BB and from the
curves indicate the time-averaged polymer composition; we integrated polystyrene macroinitiator, were analyzed by GPC with DMF

the instantaneous polymer compositions predicted by the Skiest equation+ 0.05 M LiBr) as the eluent. LiBr was added to suppress
to obtain these curves. polymer—solvent and polymetsubstrate interactions that are
typically observed in polymers with ionic functional grotiss?®
GPC traces for each of the aliquot collected during the
polymerizations are shown in Figure 4. Parts a and b of Figure
4 contain the GPC time evolution of aliquots collected during

hydrogens off of the tertiary amine in DMAEMA, and pedks
g (0 = 0.80-2.10 ppm) are backbone hydrogens. The molar
composition of polystyrene in the diblock copolymer was
determined to be 0.240 based on the relative areas of @eaks - .
(styrene) andb (methacrylate). To determine the HEMA the co_pp!ymenzanon .W'th EB and f.rof” the polystyrene
composition Erea) within the methacrylate block, we quanti- macroinitiator, respectively. Qharacterlstlc of ATRP, the GPC
fied the relative areas of peakgboth HEMA and DMAEMA) traces are narrow, symmetric, and monomodal; the exyracted
ande (DMAEMA). The HEMA molar composition within the molecglar weight dlstrlbutllons are each less t.han 1.2, Wlth the
methacrylate block is 0.713, and is consistent with the azeotropic ©XCePtion of the last aliquot collected during the diblock
molar feed composition for the copolymerization. copolymerization (expla.natlon provided below). As the .rea.ct|o.ns
Azeotropic Considerations We characterized all the aliquots ~ Progress, the peaks shift to smaller elution volumes, indicating
collected during the polymerization of poly(HEMée-DMAE- a t|me-ergndent increase in molecular weight during both
MA) with EBIB (M) and that from the polystyrene macroinitiator ~POlymerizations.
(®) by 'H NMR (representative spectrum in Figure 2); the ~ We determined the absolute number-average molecular
HEMA molar compositions Kyema) within the methacrylate  weight of our polystyrene macroinitiatoMg = 6500 g/mol;
blocks are shown in Figure 3. Given the published reactivity Mw/M, = 1.02) using GPC with THF as the eluent. For
ratios of the monomersema = 0.75 andrpymaema = 0.36)% comparison, we also analyzed the same polystyrene macroini-
the Skiest equatidfpredicts an azeotrope at HEMA molar feed tiator by GPC with DMF and 0.05 M LiBr as the eluent. In this
composition ofyema = 0.718. Since both the copolymerizations case, the polystyrene macroinitiator elutes at a much higher
were carried out at the azeotrope, compositional uniformity elution volume (18.15 mL). In fact, the polystyrene macroini-
along the polymer chains is expected. TRatua is constant tiator peak overlaps the solvent peak in the GPC trace in Figure
at 0.72+ 0.10 at any given point during both the reactions 4b despite real differences in molecular weights between the
verifies that there is little to no compositional drift along the two. Though peculiar at first glance, this phenomenon has
methacrylate block of the polymers, whether the polymerization previously been reported by Dubin and co-workers where low
is initiated with EBB or by a polystyrene macroinitiator. molecular weight polystyrene samples4000 g/mol) elute at
Accordingly, polymerizations at feed compositions other than the same volume as polar small molecules when GPC is
the azeotropic composition are expected to produce significantperformed in DMF® The presence of salt (0.1 M LiBr) shifEDV
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Figure 4. Gel permeation chromatography traces wWifN-dimeth-
ylformamide ¢ 0.05 M LiBr) as the eluent at 1 mL/min, showing the
time-dependent molecular weight evolution during the polymerization
of (a) poly(HEMA-co-DMAEMA) and (b) polystyrends-poly(HEMA-
co-DMAEMA).

the polymer peak to even higher elution volurd&$his “salting
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Figure 5. Molecular weight plot for the azeotropic atom transfer radical
polymerization of poly(HEMAeo-DMAEMA) with ethyl a-bro-
moisobutyrate as the initiatom( O0) and from a polystyrene macro-
initiator (@, O). The absolute number-average molecular weight of the
methacrylate block\(,; l, @) is plotted on the left axis, and the overall
molecular weight distributionM./Mn; O, O) is plotted on the right
axis. Dashed line represents a single fit through both sets of molecular
weight data while solid line represents the theoretical molecular weight
given the initial monomer-to-initiator ratio.

theoretical molecular weights, but they are well described by
the same dashed line fit when we scale the molecular weights
by the monomer-to-initiator ratio. Higher than expected mo-
lecular weights during ATRP polymerizations are not uncom-
mon and have been observed by many othét&Vhile we do

not yet have a clear explanation for this observation, we suspect
inefficiency during initiation to be responsible. This initiation
inefficiency appears to be constant and independent of the types
of initiator used (whether BB or polystyrene macroinitiator)
and monomer-to-initiator ratios (whether [§[]] o = 150:1 or
300:1). So well-defined poly(HEMAso-DMAEMA) copoly-

out” phenomenon observed with polystyrene is caused by amers and block copolymers of desired molecular weights can

reduction in the solubility of the polymer in the eluent, which

is manifested by a decrease in the effective hydrodynamic

volume so a larger elution volume is measut®ds a reference,

still be tailor-made, given the information in Figure 5.
The molecular weight distributiongl( O) for each of the
aliquot collected during both polymerizations remain narrow

we also measured a polystyrene standard of a slightly higher(<1.2 for copolymers from EB and~1.15 for block copoly-

absolute molecular weighM, = 7800 g/mol,M,/M, = 1.05)

mers from the polystyrene macroinitiator), indicating that the

under the same conditions. This polystyrene standard also elutepolymerizations are under control throughout. The final block

near the solvent peak, at 17.95 mL.

copolymer sample (S/HD 6.5/46), however, exhibits a higher

The methacrylate block number-average molecular weights molecular weight distributionM,/M, = 1.33) compared to the

for both polymerizationsli, ®) are compiled in Figure 5. The

other aliquots. Since this particular aliquot was collected after

absolute number-average molecular weights for the polymers >24 h reaction, we suspect a gradual loss in the mdigand

collected during the copolymerization with HB (l) were
extracted from GPC data using a/dc of 0.1009 ¢0.0067;

complex activity to be responsible for the slight increase in its
molecular weight distribution. We note that we typically limit

measured independently with an interferometric refractometer the total monomer conversion t&60% when we make

from five concentrations of poly(HEMAo-DMAEMA) in
DMF with 0.05 M LiBr). The absolute number-average mo-
lecular weights of the methacrylate block in polystyréngely-
(HEMA-co-DMAEMA) diblock copolymers @) were obtained
by 'H NMR, given an absoluteM, for the polystyrene
macroinitiator. In both polymerizations, the molecular weight
increases linearly with total monomer conversion. Additionally,

polystyreneb-poly(HEMA-co-DMAEMA) diblock copolymers

for structural characterization. These block copolymers all

exhibit molecular weight distributiorrs1.15. For example, the

two block copolymers that are used in the present SAXS study

have molecular weight distributions of 1.14 and 1.16.
Small-Angle X-ray Scattering (SAXS) We assessed the

solid-state morphologies of polystyrebepoly(HEMA-co-

the increase in molecular weights in both polymerizations appear DMAEMA) thin films that were cast from solutions of both

to be well described by a single fit (dashed line is fit to both  DMF and THF (0.2 mg/mL). The block copolymer solution was
sets of molecular weight data). Both features are characteristicpoured into Teflon casting dishes, and the solvent was allowed
of ATRP polymerization and indicate controlled reactions. We to evaporate slowly under a partially covered Petri dish. Because
note, however, that the molecular weight at any given conversion of its high volatility, THF generally evaporated over the course
is higher than the theoretical molecular weight predicted by the of 24 h while DMF (with a higher boiling temperature of 153
initial monomer and initiator concentrations (solid line). We °C)* evaporated ovex6 days. The films were then peeled from
also carried out polymerizations at a different monomer to the casting dish and dried in the vacuum oven at@@or an
initiator molar ratio ([Mp:[l]o = 150:1 instead of 300:1). The additional 24 h. The average film thickness is 0#40.05 mm.
polymer molecular weights in this case are also higher than the We calculated the volume fractions of the block copolym&'fv
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Figure 7. Small-angle X-ray scattering profiles of polystyrelmpoly-

(HEMA-co-DMAEMA) ( Mn poiystyrene= 6.5 kg/mol, My tora = 33.5 kg/
mol) cast from (a)N,N-dimethylformamide and (b) tetrahydrofuran.
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Figure 6. Small-angle X-ray scattering profiles of polystyrelmpoly-
(HEMA-co-DMAEMA) ( My polystyrene= 6.5 kg/mol,Mp tora = 22.5 kg/
mol) cast from (a)N,N-dimethylformamide and (b) tetrahydrofuran.

using a published polystyrene homopolymer dersiof 1.05
g/ce. Separately, we determined the density of poly(HEMA-
co-DMAEMA) according to ASTM D153-841 method C, to
be 1.20+ 0.01 g/cnd using a pycnometer with cyclohexane as
the nonsolvent.

spacing due to epitaxial phase transformation has previously
been reported® We calculated the form factor curve based on
the samag* assuming a CYL morphology. The first minimum
in the cylinder form factor curve occurs gt= 0.4066 nnt?,
which is likely the reason why the/3 reflection is not observed.
SAXS traces for S/HD 6.5/16{ = 0.312) cast from DMF Since this specimen has not been thermally annealed above the
and from THF are shown in the top and bottom portions of glass transition temperatures of either of the blocks, the solid-
Figure 6, respectively. In the top SAXS trace, we observe a state morphology is a reflection of the casting conditions. We
narrow and intense primary peak, followed by a higher-order are therefore not surprised to see coexistence of two neighboring
reflection at approximatelg = 0.6 nnTl. Given the volume phases in our specimen. We are also not surprised to see
fraction of S/HD 6.5/16, we expect this sample to adopt a differences in morphologies from the two different castings. In
hexagonally-packed cylindrical morphology (CYL with poly- fact, the difference in morphologies (CYL vs LAM) due to
styrene cylinders). Accordingly, we placed markev$ &t g/g* changes in the solvent quality (DMF vs THF) is entirely
ratios of 1,+/3, v/4, and+/7 for comparison. The higher-order  consistent with solubility parameter arguments. Published
peak corresponds gt = +/4 of the CYL morphology. For  solubility parametersypwe2” = 12.1 (cal/crd)¥2, orye?” = 9.1
completeness, we also plotted the form factor ctiygashed (cal/cn®)12, §p> = 9.0 (cal/cn?)2, anddppematt = 13.2 (cal/
line). Since the first form factor minimum coincides wifg* cm3)¥2, indicate that THF is a better solvent for polystyrene
= /3, the structure factor peak is suppressed in the overall than DMF and that DMF is a better solvent for poly(HEMA)
SAXS trace. Given the primary peak locatiog (= 0.3086 compared with THF. (An exact comparison with poly(HEMA-
nm~1) and the volume fraction, we calculate the spacing between co-DMAEMA) is difficult because the solubility parameter of
the (10) planes to be 20.36 nm and an average cylindrical radiusthe copolymer is not available.) As such, the volume occupied
of 6.89 nm. The SAXS trace from the THF-cast film of S/HD by the polystyrene block must be greater when S/HD 6.5/16 is
6.5/16 (bottom of Figure 6) also shows a narrow and intense cast from THF compared to DMF.
primary peak, but with characteristic peakgat* = 2, 4, and SAXS traces for S/HD 6.5/27v{ = 0.216) are shown in
5, indicating an alternating lamellar (LAM) morphology instead Figure 7. The top trace is acquired on a DMF-cast film, while
of the CYL morphology. The form factor curve corresponding the bottom trace is acquired on a THF-cast film. The SAXS
to LAM“#2with vs= 0.312 is provided (dashed line). The third- trace acquired on the DMF-cast film shows a narrow and intense
order reflection is suppressed in this case due to its coincidencepeak followed by a shoulder gfg* = +/2, indicating a body-
with a form factor minimum. On the basis of the primary peak centered cubic spherical (SPH) morphology. The sphere form
position @* = 0.2258 nn1l), we estimate the characteristic factor*? curve is also plotted (dashed line). The higher-order
spacing to be 27.83 nm. Additionally, we note a broader and structure factor peak afg* = +/3 is absent because it coincides
less intense peak gtq* = +/7. While the+/7 reflection should with a form factor minimum. We also observe a broad bump
not be observed in LAM, it is characteristic of CYL. We in the overall SAXS trace between 0.65 and 0.9 Arthat
therefore suspect a coexistence of LAM and CYL in this cast corresponds to a maximum in the sphere form factor curve.
film. Yet, the peak amy/gq* = +/3 (@ = 0.3911 nm?), also Given the primary peak positiom( = 0.3381 nn1?) and the
characteristic of CYL, is absent. Given how narrow the primary volume fraction, we estimate the spacing between (100) planes
peak is (fwhm= 0.038 nnt?l), the lamellae and cylinders, if to be 18.59 nm and an average spherical radius of 7.77 nm.
present, must share the same characteristic spacing or the sam&he SAXS trace acquired on the THF-cast film, on the other
g*. That LAM and CYL phases share the same characteristic hand, shows a primary peak and a higher-order peakjat= CDV
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V3 that is characteristic of the CYL morphology. The cylinder

form factor curve is plotted (dashed line); the minima and
maxima appear to correspond well with the overall SAXS trace.

The primary peak position ig* = 0.2468 nnT?, indicating a

characteristic spacing of 25.46 nm, with an average cylindrical
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