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Soluble polymers including polialkylacrylamide)s with low mole percent loadings of pendant groups
are of interest in applications in catalysis, synthesis, sequestration, and soluble affinity chromatography
where their thermal and phase-dependent solubility facilitates purification and separation. This work describes
a library synthesis and study of the effects of polymer composition on the phase-selective solubility of
dye-labeled poly{-n-octadecylacrylamideo-N-n-butylacrylamide) copolymers. To study the relative
importance oh-octadecyl versus-butyl groups, copolymers with different ratiosmbctadecylacrylamide

and n-butylacrylamide but with similar degrees of polymerization and polydispersity were prepared by a
split-pool synthesis using a highly soluble pdlyécryloxy-2-dodecylsuccinimide) as the precursor. Polymer
sequestrants were used to remove excess amines and the byptdgcoxyl-2-dodecylsuccinimide without
fractionation of the polyacrylamides. Other studies of dye-labeled NgWyialkylacrylamide)s prepared

by the polymerization oN,N-dialkylacrylamides with methyl, ethyl, propyl, butyl, pentyl, and heiyalky!

groups in a variety of thermomorphic or latent biphasic polar/nonpolar solvent mixtures showed that poly-
(N,N-dialkylacrylamide)s like poly{-alkylacrylamide)s have phase-selective solubility that is highly dependent
on the size of theéN-alkyl group.

Introduction between the polar and nonpolar phase solubility occurring

Polymer solubility is an important property of polymers for pon(N-aIkylacrylami_de)s having ahl—pent_yl Versus an
and has been the subject of extensive experimental andN_hexyl a_IkyI group. This rep_ort descn_b_es similar dramatic
h tical studv. Solubilit facilitate both vSi q changes in the phase-selective solubility of copolymers of
theoretical study. Solubility can actiitate both analysis an N-butyl- andN-octadecylacrylamide and as the mole percent
use of .polymers and both .pasm the"f-‘/ and qualltatl\{e of the more hydrophobic groups in the polymer was varied
discussions of polymer solubility are routinely addressed in

. . . in the copolymer. In addition, synthesis of a series of poly-
po'y”??r textb (?Oké' Extensive tabl_JIatlons describe the (N,N-dialkylacrylamide)s and a study of their phase selective
solubility of various homopolymers in a range of solvehts.

However, there are many aspects of polymer solubility that solubi!ity show_ _that the refatively sharp changes _in phgse

are not ’understood For example, our recent work hasS(_alecnve s_olub|l|ty seen for secondary polyacrylamldes with
N ! different sized\-alkyl groups are also seen for tertiary poly-

addressed the origins of the Hofmeister effect, where aqUEOUS\| N dialkylacrylamide)s in a range of different thermomor-

solution components affect the pdN{sopropylacrylamide) ph’ic polar/nonpolar solvent mixtures

lower critical solution temperatures (LCSTS), providing new ) - ' o )

insight into the basis of these thermally induced phase The phase-selective solubility of polymers is important in

changeé. We have also shown how library syntheses of 2Pplications where soluble polymers are used as phase
isomeric polymers with mixtures ®f-propyl andN-isopropy anchors to recover and reuse (_:atalysts, separate products, or
groups or of polyK-isopropylacrylamide)s with defined end 25 sequestrants’? Such chemistry generally requires that

groups can be used to probe effects of polymer structure on@ soluble polymer support be soluble in the miscible solvent
LCSTs*5 Earlier we had introduced the concept of using mixture containing substrate during a reaction but selectively

split-pool synthesis to prepare libraries of polymers with sqluble in a_separate phase from prpductin a biphasic solvgnt
similar degrees of polymerization to probe the effect of Mixture during workup and separation. Such phase-selective
N-alkyl group structure on the phase-selective solubility of SOuPility can be designed into polymers and can be used in
poly(N-alkylacrylamide) homopolymefspolymers whose either Iatent and thermomorphic IlqwdA/hqmd biphasic sys-
utility as catalyst supports has been established in other!®MS With homopolymers as suppo]rfté.. S
work. That work showed that the polymer phase-selective A variety of solvents can be used in liquid/liquid biphasic
solubility of poly(N-alkylacrylamide)s is surprisingly de- systems. Our group has mainly used heptane/ethanol/water
pendent on the structure of tialkyl group of the poly- or heptane/DMF solvent mixtures for latent or thermomor-
(N-alkylacrylamide)s with a distinct 1000-fold difference  Phic systems. Heptane/ethanol is an example of a latent
biphasic system. This solvent mixture is monophasic at rest

* To whom correspondence should be addressed. E-mail: bergbreiter@ but a small pertu_rk_)ation (e.g., the addition o8 V(?I % _Of )
tamu.edu. water or the addition of some tetrabutylammonium iodide

10.1021/cc070016m CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/05/2007



610 Journal of Combinatorial Chemistry, 2007, Vol. 9, No. 4 Bergbreiter et al.

salt) is sufficient to produce a biphasic mixture. A thermo- ABN
. . . e e e . . / Cl RNH NR, dioxane €]
morphic system is a biphasic liquid/liquid solvent mixture Y Ban”® ZY ¢ ceat R )
- ; . °  cHp o  BCI/O 0Py 0Py
that is biphasic at room temperature and that has significant 2 3moi% 7 ey,
et e L . ‘R =- I
miscibility at higher temperaturé.For example, an equiv- 3 g - e, NH
i 0 3R = CH,CHCH
olume rmxture of .heptane/DMF or heptane/90 A:.aq.ueous &R CHOHCHEH, o
ethanol is biphasic at room temperature but miscible at & R=-CHCH.CHCHLHLH, ;:_;jcC::cH W
70 °C. Recooling either of these miscible solvent mixtures %~ " 10:R = CHLHLCH, \@ o
reforms the original biphasic mixture. Such phase changes 12 R - CHACH.GH I CHCH. EH ’
are seen in many solvent mixtures including, for example, o 13: R = -(CHCH, 2

fluorous/organic solvent systertts!? 0 B\

Applications of these and other phase-separating systemsjﬁ"”‘?s— N \\©\N

B

have emphasized the use of homopolymers or of copolymers 7 N oH,
that usually contairr 95 mol % of a single type of repeating N
unit. For example, soluble polymers like poly(ethylene
glycol) whose end groups are modified to support catalsts,
poly(N-isopropylacrylamide) with £5 mol % of the pendant
amides modified to serve as catalyst ligaftispr poly-
(acrylic acid)-supported catalystsan be>99.9% selectively
soluble to the polar phase of a heptane/DMF or heptane/
ethanol/water system. Nonpolar more hydrophobic polymers
like terminally poly(isobutylenedt?? poly(tert-butylsty-
rene)? poly(octadecylacrylate)fspoly(N-vinyloxazoline)s2
poly(N-octadecylacrylamide}, or polydimethylsiloxanes To study the phase selective solubility of the polymers
can be equally phase-selectively soluble in the nonpolar phase8_13 each sample of polymer was dissolved in a solvent
of these same solvent mixtures so long as the mole percent for’m a solution whose methyl red concentration was
loading of pendant groups or of terminal groups used as ~10 N. Then an equal volume of a second polar or

ligands or catalysts is:5 mol %. Similar effects are seen nonpolar solvent was added to produce a biphasic mixture.

\t';/]'th fluoroush_polyrrt]errrzlggygd catalysti_;n tfrl]uorousllorgamc The mixture was then heated+t&/0 °C. After a few minutes,
Ermomorphic Systems.rnowever, while theSe polymers 5 ¢ja5y yellow homogeneous solution was obtained. This

exhibi_t useful p_hase—selective solubilty, greater versatili_ty solution was then allowed to cool to room temperature, at
an_d higher loadings of reagents orcgtalysts might be poS‘Q"blewhich point the initial biphasic mixture reformed. Phase
using soluble polymer supports if copo!ymers can b.e separation upon cooling is relatively fast (a video is provided
designed where one of the gqpolymer Substituents can deflnein Supporting Information) with complete phase separation
the phase-selectl_ve solubility of the_ p_olymer-supported_ occurring in just a few minutes. After the phases had
species. The studies below address this issue. '!'hese Stu_d'esseparated, samples of each phase were collected and analyzed
also show that the dependence of phase-selective solub|I|tyby UV—vis spectroscopy. A number of different thermo-

on alkyl group size seen for earlier pdiyalkylacrylamide)s morphic solvent mixtures were studied for most polymers.

is also seen with polf{ N-dialkylacrylamide)s. These included heptane/DMF, heptane/90% ethanol water,
heptane/ethylene glycol diacetate, and pentadecane/dimethyl
carbonate. The overall phase changes that occurred are
Poly(N-alkylacrylamide) homopolymers that have pentyl illustrated by the drawings in Figure 1, and the phase
versus hexyN-alkyl groups exhibit a surprisingly high phase- selectivities that were seen are listed in Table 2 and shown
selective solubility difference in a thermomorphic heptane/ graphically in Figure 2.
90% EtOH/HO biphasic systerfi. To determine if this In the heptane/DMF mixture, poly(N-dimethyl-, poly-
selective solubility is unique to secondary pdlydlkylacry- (N,N-diethyl-, and poly-,N-dipropylacryl-amide) were
lamide)s, we have explored the phase selective solubility of selectively soluble in the DMF phase, whereas peji
a similar class of polymers, pol(N-dialkylacrylamide)s. dialkylacrylamide)s with four or more carbons in their alkyl
Our earlier studies of both polp¢alkylacrylamide)s and of ~ groups were selectively soluble in the heptane phase. Similar
LCSTs for poly{N-propylacrylamide) or poly{-isopropy- results are seen for the heptane/90%E4® and heptane/
lacrylamide) employed a library synthesis using aminolysis ethylene glycol diacetate mixtures. The same trends were
of the activated polyester po{acryloxysuccinimide) (PNA- seen in the pentadecane/dimethyl carbonate mixture. There
SI). However, our initial work using this same procedure to was much ambiguity about the phase-selective solubility in
prepare tertiary poly{,N-dialkylacrylamide)s showed that only a few cases. At least in one example, the polymer had
aminolysis of these activated esters using secondary amine®nly modest phase-selective solubility. In that example, that
was significantly slower. Incomplete aminolysis would leave is, the case ol1in pentadecane/dimethyl carbonate, poly-

The polymers prepared tdaa 3 mol % loading of the
spectroscopic labél to facilitate phase selective solubility
studies. The polymer products so prepared are not as identical
in polydispersity and degree of polymerization as the library
members studied in our earlier work nor are they as
comparable as the library members of copolymers discussed
below. However, thé/,, values are roughly comparable, as
shown in Table 1.

Results and Discussion

reactive esters that could readily hydrolyze to forr@O,H (N,N-dibutylacrylamide) was not very soluble in either
groups that would likely affect our analysis of phase selective solvent.
solubility. Accordingly we prepared polj(N-dialkylacryl- These results show that the dramatic differences seen in

amide)s using the synthetic sequence shown in eq 1. earlier phase-selective solubility for secondary pily(
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Table 1. Weight Average Molecular Weights, Polydispersity
Indexes, and Degrees of Polymerization for
Poly(N,N-dialkylacrylamide)3

Table 2. Phase-Selective Solubility of
Poly(N,N-dialkylacrylamide)s in Various Thermomorphic
Systems

polymer My, (Da) PDI DP solvent mixture  solubility ratio phase-selective
8 60 430 113 508 polymer  (50:50, vol/vol)  (nonpolar/polar) solubility (%)
9 48 420 1.43 261 8 heptane/DMF 1=>678 0.15
10 32070 1.60 127 9 heptane/DMF 1= 1000 0.1
11 72 880 1.34 292 10 heptane/DMF 11000 0.07
12 84 640 1.67 210 11b heptane/DMF >50:1 98.0
13 56 330 1.62 98 12 heptane/DMF >420:1 99.8
a Polymerization reactions were carried out in dioxane at®5 1 EgptgﬂgDMF ;181%30 891‘9
and the product polymers were characterized by GPC using a 800/ EtOH/HO ’ '
Viscotek GPC instrument with a Viscotek I-MBMMW-3078 mixed- 9 he tar:e/ 1:>1000 0.1
bed column, a triple-detector system, including a Model VE3580 800/ EtOH/HO ' '
RI detector, and OmniSEC software. 0 H
’ 10 heptane/ 1:>1000 0.05
90% EtOH/HO
P D — I — 11 heptane/ >1000:1 99.9
90% EtOH/HO
P— P — P— 12 heptane/ >525:1 99.8
h _ h 90% EtOH/HO
eptane | 4 | miscible [ | heptane 13 heptane/ >190:1 99.5
— *| sokent | =—— 90% EtOH/HO
90% EtOH mixture 90% EtOH 8 heptane/ 1:>2000 0.05
AcOCH,CH,OACc
—— S —— = —— 9 heptane/ 1:>2000 0.05
—_— —— e —— ACOCHQCHzoAC
10 heptane/ 1:.2.7 27.0
f————— AcOCH,CH,OAC
heptane Rerf heptane 11 heptane/ >1000:1 99.9
| IEPIANE | heat, Z'E'I?‘fma cool, _eptane AcOCH,CH,OAC
o it o 12 heptane/ >500:1 99.8
90% EtOH mixiure 90% EtOH AcOCH,CH,OACc
I — = —— — 13 heptane/ >500:1 99.8
Figure 1. Phase changes for polyme8s-13 upon heating and ACcOCH,CH,OAc )
cooling in thermomorphic polar/nonpolar solvent mixtures. The dye- pentadecane/ 1:>2000 0.05
labeled polymer was variously in either the less-dense nonpolar CH,O0COOCH )
phase, the more-dense polar phase, or in a few cases, present to a pegtﬁdgéac?gc& 1:>2000 0.05
o . 5
significant extent in both phases. 10 pentadecane/ 1->2000 0.05
CH;OCOOCH
. . . . . 11 entadecane/ 1:3 25
alkylacrylamide)s with different-sizel-alkyl substituents P CH;OCOOCH,
are also seen for tertiary poN(N-dialkylacrylamide)s with 12 pentadecane/ >513:1 99.8
different-sizedN-alkyl substituents. The results of these CtHéOCOO/CH; 1401 99.3
; ; ; . ; _ pentadecane > : .
studies, listed in Table 2, show that the origin of this phase CH,0COOCH,

selective solubility behavior is not simply the result of the
size of theN-alkyl substituent. While our earlier studies
. . . polar and nonpolar phase for the presence of the azo dye at

showed charlges |n. phase-selective S_OIUb'I'tY when  the ~430 nm. These analyses assumed the azo dye had the same
N-alkyl substituent size changed from five to six carbons, extinction coefficient in both solvent8In this example, the
the results here show that changing from propyl to butyl polymer had low solubility in either solvent.
groups in poly,N-dialkylacrylamide)s is similarly effective
in changing solubility. The effect of changing the total same degree of polymerization and polydispersity using a
number of carbons in the substituents for a polar-phasesplit-pool synthesis approach. This earlier approach used
soluble polymer (six for polymetQ) to a larger number of  PNASI as the starting material. PNASI is an activated
carbons (e.g., eight for polymell) appears to be more polyester that can be easily cleaved when treated with
important than substituent chain length. The phase-selectiveprimary amines. This methodology works well for the
solubility and the effect of alkyl group size on the phase- preparation of different poly§-alkylacrylamide) homopoly-
selective solubility are general for a range of polar/nonpolar mers. However, it was deficient when applied to the synthesis
solvent mixtures. of the copolymers. Since PNASI is only soluble in few polar

To study the effect of polymer structure on padly( solvents (e.g., DMF, DMA, DMSO), this methodology was
alkylacrylamide) copolymer phase-selective solubility ,we unsuccessful because more hydrophobic copolymers contain-
used a version of a library synthesis of these polymers thating octadecyl groups are insoluble in these solvents. This
we described earliér An earlier study showed that it was limitation led us to produce a more soluble version of PNASI
possible to prepare a library of polN{alkylacrylamide) by the addition of an alkyl group to the PNASI to obtain an
homopolymers with differeriti-alkyl groups which have the  activated ester polymer that had better solubility. We chose

a Phase-selective solubilities were measured by analyzing the
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Figure 2. Nonpolar phase selectivity versus the number of carbons
in the alkyl groups op-methyl red-labeled poly{,N-dialkylacry-
lamide)s as measured by UWis spectroscopic analysis of the polar
and nonpolar phases of the thermomorphic mixtures (cf. Table 2).
The data plotted are for a heptane/90% ethanol/water thermomor-
phic mixture.

to synthesize poly-acryloxy-2-dodecylsuccinimide) or
PNADSI using the chemistry in eq 2.

2 [0}
NHZOH 140 °C HZC:CHCOC|
—_— —»
J:io dioxane 1h N—OH EtN, CHCL,
R 75°C,20h R
o] 2
14 ©
R=-CHy
[e]
2 AIBN /{/f
S \ [o3gie]
N—C \ 65°C,3d 7
R benzene o-_MN__o
b ol
R

PNADSI proved to be more generally soluble than PNASI
and had excellent solubility in GIi€l, ensuring that the
starting materials and the products stayed in solution during
the synthesis of the copolymers. PNADSI is also soluble in
ethyl ether, chloroform, benzene, dioxane, and THF at a 0.3
M concentration.

Our past work had previously shown thamethyl red-
labeled homopolymers poly¢n-butylacrylamide) and poly-
(N-n-octadecylacrylamide) show opposite phase-selective
solubility in a heptane/90% etharBhO thermomorphic
mixture® Poly(N-n-butylacrylamide) is>99.9% selectively
soluble in the polar phase, and pdlyfi-octadecylacryla-
mide) was found to be=99.9% selectively soluble in the

that polymers with am-butylacrylamide repeating unit are
more soluble in polar solvents than polymers whose repeating
units had larger more-lipophili-alkyl substituents. Increas-
ing the size of aiN-alkyl substituent by one carbon in these
earlier studies led to 21000-fold change in polar/nonpolar
phase solubility. It is unclear what would happen if you have
a polar and a nonpolar component in the same polymer. Thus
we created libraries ofp-methyl red-labeled poly{-n-
octadecylacrylamideo-N-n-butylacrylamide) copolymers
with different ratios N-n-octadecylacrylamide andN-n-
butylacrylamide to test the relative importance of “polar
phase-soluble” and “nonpolar phase-soluble” monomer groups
in determining a copolymer’s phase-selective solubility.

Bergbreiter et al.

Scheme 1. Split-Pool Synthesis of Homopolymers of
Poly(n-N-butylacrylamide) and
Poly(n-N-octadecylacrylamide) and of Copolymers with
Mixtures of n-Butyl and n-Octadecyl Groups Using
Poly(N-acyloxy-2-dodecylsuccinimide) as a Common
Starting Material

i T —Fen-chh——lch-ch -
2 1 :
,r-i_&r_—“—NHCH?[CH?];.':H3 oéj\NH 0% “NH
I éiH?[CH,))CH3 CH.{CH.),;CH,
X CH3(CHyRCH,NH,
CH(CHzCHaNH; /# m CH,CH,),.CH.NH,
——
&, o 4 CH, 0
Ec_u._o,_“ CH,(CH),CH,NH, HC - HHCH,{CH_),,CH,
" 16 12725

The library synthesis of copolymers used PNADSI as the
parent polymer to prepare polN{alkylacrylamide) copoly-
mers that would be as identical as possible in terms of
polydispersity, degree of polymerization, and stereochemistry
(Scheme 1). To confirm that the aminolysis of PNADSI
produces materials like those we prepared edtliee, first
prepared poly{-n-butylacrylamide) and poly§-n-octade-
cylacrylamide) by allowing PNADSI to react with either
n-butylamine orn-octadecylamine and studied the phase-
selective solubility of the product homopolymers. These
homopolymers showed the same phase-selective solubility
as poly(-n-butylacrylamide) and poly{-n-octadecylacryl-
amide) homopolymers prepared earlier. Then a series of
PNNODAM/PNNBUAM copolymers were prepared by
treating PNADSI with different ratios af-octadecylamine,
n-butylamine, ang-methyl red in CHCI,. The ratio of the
amine componentnébutylamine andh-octadecylamine) to
the p-methyl red label was 100:1. Since unreacted PNADSI
could hydrolyze, forming acrylic acid groups that could affect
the measured phase-selective solubility of pNiyfoctade-
cylacrylamideeo-N-n-butylacrylamide) copolymers, a 3.5-
fold excess of amines was used. This led to a product mixture
that contained some amine, some unreacted methyl red label,
and the byprodud¥l-hydroxy-2-dodecylsuccinimide from the
amidation reaction. While these products can be removed
by precipitation of the polymers in appropriate solvents, we
sought to purify the products without significant fractionation.
This was accomplished by using solid-phase resin seques-
trants,Amberlyst 15 and Amberlite IRA 400Q@QH form)
resins, to sequester the excess amines and\Nthgdrox-

: ysuccinimide byproduct, respectively.
nonpolar heptane phase. The results in these systems showed

We previously showed that Amberlyst 15 is a very
selective agent for amine sequestration in the presence of a
poly(N-alkylacrylamide). This result was reconfirmed in
experiments using methyl red-labeled pbdlyiopropylacryl-
amide) and poly{-octadecylacrylamide) homopolymer solu-
tions containing unreacted amines. These experiments showed
that amines were effectively removed from the polymer with

this sulfonated ion-exchange resin (Amberlyst 15) without
any change in polymer concentration based on the absence
of any change in the absorption resulting from the dye-
labeled polymer as measured by YVis spectroscopy.
N-Hydroxy-2-dodecylsuccinimide was removed from the
products of our library synthesis in a similar way using
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Table 3. Molecular Weight, Degree of Polymerization, and 100 4 ™))
Polydispersity of Copolymers Prepared by Aminolysis of oCe g o g
Poly(N-hydroxydodecylsuccinimide) with-octadecyl- and

a Phase-selective solubilities were measured by analysis of the
polar and nonpolar phases for the presence of the azo dye at
~ 430 nm. These analyses assumed that the azo dye had the same
extinction coefficient in both phases. @ G [ )

20 40

0

>
n-Butylamine* S 801 d)
octadecylacrylamide (mol %) Muw DP PDI g

100 143820 143  3.12 R 01

58 94 120 228 211 o

48 79 300 213 2.08 S 4

0 57 410 180 2.5 % O
<
R

20 A

60 80 100
% octadecylacrylamide
Figure 3. Phase selective solubility df-n-butyl N-n-octadecyl

polyacrylamide copolymers in heptane versus DMF. The results
of multiple experiments are shown by the open and closed symbols.

Amberlite IRA 400 (an ammonium hydroxide containing ion-
exchange resin). Amberlite IRA 400 is known to be useful
as a sequestering agent for the removaNedfydroxysuc-
cinimide?” Experiments showed that 2 equiv of Amberlite
IRA 400 added to solutions containing 1 equiv Nf

hydroxydodecylsuccinimide completely removed the suc- the other polymers in this table. We could not determine if
cinimide from solution. Separate studies using methyl red- tyis reflected a real difference or if columsubstrate
labeled PNNODAM/PNNBUAM copolymers were then used ineractions of this polymer affected the GPC analysis. Our
to shoyv that thls_ basic resin does not adsorb the COpOIymer-experience with other analyses of other pblglkylacryla-
UV—vis absorption spectroscopy that showed the concentra-mide)s on other supports has shown that such interactions

tion of the dye-lat_)eled copolym_ers was th_e same before anOIcan occur: indeed, the proprietary support used was chosen
after treatment with the Amberlite IRA resin confirmed that I :
because it did not have such problems for phgopropy!-

noTﬁzlyT:(;ui?sczrpglo%Z?’Sth?eA;;ggr:gig?g}g;?;rrre%ere acrylamide). What we can say is that the PDI of the other
P poly prep y polymers is consistent with what would be expected for a

characterized bjH NMR spectroscopy and by GPC analysis. tional radical pol it d that thi ‘
IH NMR spectroscopy was used to determine the ratio of conventional radical polymerization and that this suggests

octadecylacrylamide andv-butylacrylamide in the PN- that the data in Table 3 for the potypctadecylacrylamide)

NODAM/PNNBUAM copolymer. The determination of the ~OMOpolymer may be less reliable.

ratios of acrylamides in the copolymer was based in the Earlier studies of poly{-alkylacylamide) homopolymers
integration of the Chipeaks of each amide. The triplet of demonstrated that poljalkylacrylamide)s with six or more

the CH; group of then-octadecyl group of the polyacryla- carbons in theiN-alkyl group are phase-selectively soluble
mide copolymer appears at0.88 while the triplet of the  in the heptane phase of a heptane/aqueous ethanol or heptane/
methyl group ofr-butylacryl, the polyacrylamide copolymer, DMF thermomorphic solvent mixture. The opposite was
is atd 0.92.'H NMR spectra shown in the experimental observed for poly{-alkylacrylamide)s with five or fewer
section show how the changes in methyl group peak of carbons in theiN-alkyl group. Such polymers are selectively
octadecylacrylamide increased when higher amounts of spluble in the polar DMF or 90% EtOH#® phase. In the
octadecylamine were used during the amidation of PNADSI. stydy of PNNODAM/PNNBUAM copolymers, we expected
These'H NMR spectroscopy studies showed thadctade- 1t see that the octadecylacrylamide monomer had a dominant
cylamine anch-butylamine react at approximately the same jnfiyence in the polymer’s solubility. However, the results
rate with PNADSI. When a 1:5 molar ration foctadecyl- o in Figure 3 and listed in Table 4 showed that on the
amineh-butylamine was used to prepare a copolymer, the basis of the mole percentage, the hydrophilic and the

Erc;dluct lgopolymer Ead z L4 tft'c.) ?foctata_decylfatr;]ude‘/- thyl hydrophobic butyl and octadecyl substituted repeating units
utylamide groups based on the integration of Ine methyl .o ¢ comparable importance in the determination of the

groups assigned to each group. Similar results were seen in . . : .
the synthesis of other PNNODAM/PNNBUAM copolymers. phase-selective solubility. On a weight perc_ent bags, the
The molecular weight and molecular weight distribution polar _phase solubIN-butyI—substnyted repeating unit has
of the PNNODAM/PNNBUAM copolymers were analyzed more influence. In retrospect_that is perhaps understandable
by gel permeation chromatography (GPC) using a Viscotek P&cause polarpolar interactions are generally stronger
multidetector system. The GPC instrument uses a highly interactions than hydrophobic interactions. These results do,
fluorinated mixed-bed column to minimize problems of however, differ from results of earlier studies of structural

sorption of these polyacrylamides seen with other columns. effects on LCSTs where studies of pdiy(-propylacryla-

The results obtained from the GPC studies show that Mideo-N-i-propylacrylamide) copolymers showed a linear
PNNODAM-PNNBUAM copolymers have a degree of po- dependence of the LCST temperature with the mole percent
lymerization of~200 4 20 and a PDI of~2.1 (Table 3). of n-propyl groups’ In the example here, the phase-selective
The data for the homopolymer polN{n-octadecylacryla-  solubility of the nonpolar phase changed dramatically with
mide) suggest that this polymer has significantly different the composition ofn-butyl- and n-octadecyl-substituted
polydispersity and a lower degree of polymerization than repeating units in the copolymer.
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Table 4.
Poly(N-n-octadecylacrylamideo-N-n-butylacrylamide)
Copolymer Phase-Selective Solubility in a Heptane/DMF
Thermomorphic Systetn

octadecyl content

phase-selective

of copolymer solubility ratio solubility in
(mol %) (nonpolar/polar) heptane (%)

100 >2000:1 99.99
84 >1000:1 99.7

70 >1000:1 99.9

58 >1000:1 99.4

50 3.4:1 76

48 1:2 35

22 1:725 2.7

0 1:>1000 0.2

a Phase-selective solubilities were measured by analysis of the

Bergbreiter et al.

to a 100 mL round-bottomed flask containing 18.6 g (69.3
mmol) of 2-dodecylsuccinic anhydride, and the mixture was
stirred at 75°C for 20 h. After the dioxane was removed at
reduced pressure, the residue was dried at°Cl@or 1 h
under vacuo. The hot product was precipitated in 50 mL of
hexanes with stirring. Complete precipitation occurred when
the mixture cooled down to room temperature. The precipi-
tate was filtered and recrystallized from diethyl ether. The
reaction yielded 9.83 g (67%) of the desired product. mp:
74—77°C (ref 28, mp 76 C). IR (KBr pellet, cnt?): v 3123,
1774, 1716, 1678'H NMR (500 MHz, CDC}): ¢ 0.881
(38H, t,J = 7 Hz), 1.29 (bs, 20H), 1.55 (1H, m), 1.90(1H,
m), 2.40 (1H, ddJ = 3, 14 Hz), 2.84 (2H, m), 8.14 (bs,
1H).

polar and nonpolar phases for the presence of the azo dye at Synthesis of N-Acryloxy-2-dodecylsuccinimide (15).
~ 430 nm. These analyses assumed that the azo dye had the sami-Hydroxy-2-dodecylsuccinimide (7.17 g, 25.3 mmol) was

extinction coefficient in both phases.

Conclusion

Poly(N,N-dialkylacrylamide)s exhibit phase-selective solu-
bility in thermomorphic polar/nonpolar solvent mixtures that
depends on the size of thé-alkyl substituent. As is true
with poly(N-alkylacrylamide)s, a significant difference be-

added to a 250 mL round-bottomed flask containing triethy-
lamine (3.5 mL, 25.3 mmol) and 170 mL of GEl,. Then,

the solution was cooled with an iesvater bath to 0°C,

and acryloyl chloride (3 mL, 35 mmol) in 15 mL of GBI,

was added dropwise over a period of 30 min using an
addition funnel. Afte 1 h at 0°C, the solution was allowed

to warm to room temperature and was washed four times

tween polar versus nonpolar phase solubility is seen whenwith 150 mL of NH,CI, once with 150 mL of KO, and once
the size of the alkyl substituent changes (in this case from with 150 mL of brine. The solution was dried over Mg&0O

three to four carbons). Poljfacryloxy-2-dodecylsuccinim-

filtered, and concentrated at reduced pressure. The residue

ide) has been shown to be a more versatile precursor forwas dried in vacuo and yielded 7.84 g (92%) of product

synthesis of libraries of poli-alkylacrylamide)s that can

having a mp of 4345 °C. IR (KBr pellet, cnt): v 2910,

be easily purified using polymeric resins as sequestrants for2840, 1775, 1740, 1624, 1453, 1418 NMR (500 MHz,
excess reagents or byproducts. Studies of libraries of poly-CDClk): 0 0.882 (3H, tJ =7 Hz), 1.23}+-1.345 (21H, bm),

(N-alkylacrylamide) copolymers prepared by aminolysis of
PNADSI showed that long-chaiiN-alkyl groups do not

1.41 (1H, m), 1.64 (1H, m), 1.95 (1H, m), 2.52 (1H, m),
2.95 (2H, m), 6.16 (1H, dd] = 1, 10.5 Hz), 6.32 (1H, dd,

dominate the phase-selective solubility of these copolymersJ = 10.5, 17 Hz), 6.69 (1H, dd) = 1, 17 Hz). HRMS:

becausen-butyl and n-octadecyl groups were roughly
comparable in determining phase-selective solubility in the
poly(N-n-octadecylacrylamideo-N-n-butylacrylamide) co-
polymers.

Experimental Section

Materials. Dodecylsuccinic anhydride was obtained from
TCl America. All other reagents were purchased from

(C1gH3104NHT (M + HT)) 338.2331.

Synthesis of PolyN-acryloxy-2-dodecylsuccinimide)
(16, PNADSI). N-Acryloxy-2-dodecylsucc-inimide (14.42 g,
42.8 mmol) and AIBN (0.012 g, 0.07 mmol) were dissolved
in 250 mL of benzene in a dry 500 mL round-bottomed flask
equipped with a condenser and a magnetic stir bar. While
toluene could be used in place of benzene (as a less
hazardous solvent), there is less chain transfer with benzene.

Aldrich Chemical Co. These and other commercial reagents The solution was degassed three times using the freeze

were used without further purification.
Instrumentation. *H NMR spectra were obtained using

pump—thaw procedure. The solution was heated t0°65
and stirred fo 3 d toform the polymeric active ester poly-

a Varian Mercury 300, Inova 500, or Inova 300 spectrometer (N-acryloxy-2-dodecylsuccinimide) which was isolated by

at 300 or 500 MHz13C NMR spectra were obtained using

removal of the benzene under reduced pressure. The crude

a Mercury 300, Inova 500, or Inova 300 spectrometer at 75 polymeric material was then dissolved in 50 mL of THF,

or 125 MHz. The phase-selective solubility studies were
performed using a Cary 100 scanning bwis spectropho-
tometer using azo dyep{methyl red) labeled polymers.
The poly(N-alkylacrylamide)s were analyzed by gel perme-
ation chromatography using a Viscotek GPC instrument.
The experiments were carried out using a Viscotek I-
MBMMW-3078 mixed-bed column, a triple-detector system
including a Model VE3580 RI detector, and OmniSEC
software.
Synthesis of N-Hydroxy-2-dodecylsuccinimide (14).

Hydroxylamine hydrochloride (4.9 g, 69.3 mmol) was

and the solution was added slowly to 500 mL of dry
acetonitrile. A gum formed quickly. After centrifugation, the
solvent was decanted from this gum, and the gum was dried
under vacuum to yield an amorphous polynierNMR (500
MHz, CDCk): 6 0.882 (3H, tJ =7 Hz), 1.29-1.37 (21H,

bs), 1.54 (1H, bs), 1.90 (1H, bs), 2.18(bs, 1H), 2.43 (1H,
bs), 2.87 (2H, bs), 3.3 (1H, bs).

Synthesis of Polyl-alkylacrylamide) Copolymers (PN-
NODAM/PNNBUAM). Samples of the same batch of
PNADSI (0.3 g, 0.89 mequiv) were dissolved in 5 mL
aliquots of CHCl,. In separate 10 mL round-bottomed flasks,

suspended in 25 mL of dioxane. The suspension was addedlifferent mixtures ofn-octadecylaminen-butylamine, and
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Figure 4. IH NMR (500 MHz, CDC}) spectroscopic analysis of the ratiorebutyl/n-octadecyl groups in polj{-n-octadecylacrylamide)-
c-poly(N-n-butylacrylamide) copolymers using the integration of methyl groups to determine the mole pencexttaflecyl groups in the
copolymers: (a) 100 mol % octadecyl; (b) 86% mol % octadecyl; (c) 73 mol % octadecyl; (d) 57%; (e) 35 mol % octadecyl; (f) 25 mol
%; (g) 0 mol % octadecyl.

a primary amine-labeled derivative pfmethyl red were over NaSQ, filtered, and concentrated at reduced pressure.
dissolved in 5 mL of CECI,. The amine solutions were  The product was dissolved in 30 mL of ethyl acetate and
transferred to these PNADSI solutions. Each mixture used was washed with N&O; (sat) (2x 50 mL) and twice with
the same total amount of amines: 3 mmolmebctadecy- 50 mL of brine. Drying over Ng50Oy, followed by filtration
lamineh-butylamine and 0.03 mmol of the amine-terminated and concentration at reduced pressure, yielded an oil that
p-methyl red. The reaction mixtures were stirred at room was distilled to yield 2.25 g (45%) &,N-diethylacrylamide
temperature for 24 h, @2 g of Amberlyst 15 was addedto  (bp = ~58-59 °C at 0.6 Torr).'H NMR (300 MHz,
remove the excess of amines. After the suspension wasCDCl): ¢ 1.16 (m, 6H), 3.36 (m, 2H), 3.42 (m, 2H), 5.64
shaken for 24 h, the solution was filtered, and the filtrate (dd, 1H, cisp-CH,, J = 10.3 and 2.0 Hz), 6.32 (dd, 1H,
was treated wit 2 g of Amberlite IRA 400 (OH form) for trans3-CH,, J = 16.7 and 2.0 Hz), 6.53 (dd, 1H-CH,,
another 24 h to remove the byprodudthydroxy-2-dode- J = 16.7 and 10.3 Hz). In some cases, acrylic acid was
cylsuccinimide. The resulting red suspensions were filtered present in the distillate. If this were the case, the product
to remove the resin, and the solvent was removed underwas then dissolved in 50 mL GBI, and washed three times
reduced pressure. Each product polymer was then dried undewith 50 mL o 3 M KOH. The CHCI, solution was then
vacuum and analyzed Y1 NMR spectroscopy. Thes# dried over NaSQ,, filtered, and dried at reduced pressure.
NMR analyses were used to determine the relative amountThe residue was dried in vacuo to yield the product as a
of octadecyl and butyl groups in the product copolymers colorless liquid product.
using the NMR spectra shown in Figure 4. Synthesis of PolylN,N-dialkylacrylamide)s. The synthe-
Synthesis ofN,N-Dialkylacrylamides. The synthesis of  sis of poly(N,N-dipropylacrylamide) 10) is representative
N,N-diethylacrylamide Z) is representative of the procedure of the procedure used to prepare all the pul-dialky-
used for allN,N-dialkylacrylamides. Diethylamine (4.1 mL, lacrylamide)s. In a 500 mL round-bottomed flask equipped
39.3 mmol) and triethylamine (5.5 mL, 39.5 mmol) were with a condenser and a magnetic stir B&i\-dipropylacry-
dissolved in 263 mL of dichloromethane in a 500 mL round- lamide (2.00 g, 12.9 mmol), acrylamigenethyl red
bottomed flask. The solution was cooled t&@ while being (0.1813 g, 0.43 mmol), and AIBN (0.0074 g, 0.045 mmol)
stirred, and acryloyl chloride (3.32 mL, 39.2 mmol) in were dissolved in 86 mL of dioxane. The solution was
50 mL of CH,Cl, was added dropwise over a period of 1 h degassed twice using the freezgmp—-thaw procedure. The
at 0°C using an addition funnel. The reaction mixture was solution was then stirred and heated for 36 h af@0The
stirred at 0°C for 1 h and at room temperature for 1 h. The dioxane was removed under reduced pressure. The reaction
solution was then washed twice with 50 mL of MH (sat) product was purified by silica gel column chromatography
and twice with 50 mL of NgCO; (sat). It was then dried  using a 9:1 mixture of acetone/methanol. After the solvents
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were under reduced pressure, 1.28 g of product was obtainedrifugation of the product biphasic system using Jouan CT422

(68% vyield). '"H NMR (300 MHz, CDC}): o6 0.6-1.0
(br m, 6H), 1.6-2.0 (br m, 6H), 2-2.7 (br m, 1H), 2.8-3.8

(br m, 4H), 7.86 (m, 0.3H). GPC analysis was carried out in
THF using polystyrene standards: .M 20054, M, =
32071, PDI= 1.60.

Synthesis of Amine-Terminated Methyl Red.{2-[4-
(Dimethylamino)phenylazo]benzoic agid(3.90 g) and
100 mL of CHCI, were added to an oven-dried flask, which
was flushed with N CDI (2.40 g) in 36.5 mL of CHKClI,

was used to ensure complete phase separation. The phases

were then separated, and each was analyzed using-a UV
vis spectrometer. The extinction coefficients were considered
to be the same on each solvent.
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was stirred vigorously under NAfter it was stirred for 7 h,

the phase separation of a dye-labeled péJi¢dialkylacry-

the solution was transferred by forced siphon with a cannula |amide) (which is typical of separations of the pdiy(

into an N-flushed flask containing 8.47 g of 1,6-hexanedi-
amine in 85 mL of CHCIl,. The methyl red solution was
added dropwise fol h using an addition funnel. The mixture
was stirred under Nflow overnight. The resulting orange
mixture was filtered, and a dark red solution was obtained.
The solution was washed with,8 (3 x 150 mL), dried
over NaSQ,, filtered, and dried under reduced pressure. The
residue was dried in vacuo and yielded 2.56 g (48%) of an
orange solid!H NMR (300 MHz, CDC}): 6 1.4 (m, 6H),

1.7 (m, 4H), 2.6 (t, 2H), 3.0 and 3.1 (2s, 6H), 3.5 (g, 2H),
6.8 (d, 2H), 7.5 (m, 2H), 77#7.8 (m, 3H), 8.4 (m, 1H), 9.1
(br, 1H).

Synthesis of Acrylamide-Methyl Red (7). Amine-
terminated methyl red (2.56 g, 6.98 mmol) and triethylamine
(0.97 mL, 6.98 mmol) were dissolved in 46.5 mL of
dichloromethane in a 100 mL round-bottomed flask. The
solution was cooled to ©C, while being stirred, and acryloyl
chloride (0.89 mL, 10.5 mmol) in 50 mL of C&l, was
added dropwise over a periofibh at 0°C using an addition
funnel. The reaction mixture was stirred at@© for 1 and at
room temperature for 1 h. The solution was washed with
NH,.CI (sat) (1x 50 mL). This precipitated the product, and
the solution was washed wit3 M KOH (1 x 50 mL). The
aqueous phase was extracted with,CH (5 x 100 mL).
The organic phase was extracted tw3 M KOH (3 x
100 mL) and dHO (3 x 100 mL). The solution was dried
over NaSQ,, filtered, and concentrated at reduced pressure.
The residue was dried in vacuo and yielded 1.49 g (79%) of
an orange solid'H NMR (300 MHz, CDC}): 6 1.30-1.7
(m, 8H), 3.11 (s, 6H), 3.34 (g, 2H = 6.6 Hz), 3.46 (q,
2H, J = 6.6 Hz), 5.61 (dd, 1H, cig-CH,, J = 10.2 and
2.1 Hz), 5.8 (br t, 1H), 6.28 (dd, 1H, trasCH,, J = 17
and 2.1 Hz), 6.10 (dd, 1Hy-CH,, J = 17 and 10.2 Hz),
6.39 (br t, 1H), 6.76 (d, 2H) = 9 Hz), 7.88 (m, 6H).

UV —vis Analysis of the Methyl Red-Labeled Copoly-
mers. The p-methyl red-labeled PNNODAM/PNNBUAM
copolymers formed above were then dissolved in either
nonpolar (e.g., heptane) or polar (e.g., DMF) solvents to form
a solution whose methyl red concentration was approximately
10* M. Then, an equal amount of the other solvent was

alkylacrylamide) copolymers) and experimental details for
the syntheses of specific polyN-dialkylacrylamide)s. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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