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ABSTRACT: A new acrylamide monomer bearing isopropy-
lamide and N,N-diethylamino ethyl groups in the side chain,
i.e, N-(2-(diethylamino)ethyl)-N-(3-(isopropylamino)-3-
oxopropyl)acrylamide (DEAE-NIPAM-AM), was synthesized
through Aza-Michael addition reaction followed by amidation
with acryloyl chloride. The homopolymers, poly(N-(2-
(diethylamino)ethyl)-N-(3-(isopropylamino)-3-oxopropyl)-
acrylamide)s [poly(DEAE-NIPAM-AM)], with controlled
molecular weights and relatively narrow molecular weight
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distributions were then prepared via RAFT polymerization. The lower critical solution temperature (LCST) of the homopolymer
was examined to be influenced by molecular weight, salt concentration, and pH value of aqueous solution. The LCST of the
homopolymer could be tuned in a wide temperature window by changing the pH value of aqueous solution, and it increased with
the decrease of pH value. Particularly, CO, gas as a unique pH stimulus can also reversibly adjust the solubility of homopolymer

without the addition of acids or bases.

S timuli-responsive polymers able to respond to external
stimuli have attracted increasing attention since these kinds
of polymers have broad applications in areas from material
science to biology." For relevant applications, however, the
change in behavior of a macromolecule (protein and nucleic
acid) is often not the result of a single factor but a combination
of environmental changes.2 To mimic this feature, formulation
of multistimulus responsive polymers by incorporating different
stimulus-sensitive moieties has spurred significant interest.’
Among them, temperature and pH dual-responsive polymers
were widely studied due to the convenience in adjusting
environmental pH and temperature and the ease in the
preparation of “smart materials” on the basis of temperature
and pH dual-responsive polymers. In general, block and
random copolymers are relatively common in double-
responsive systems by simply connecting moiety with pH-
stimulus property with the other segment with temperature-
stimulus behavior.>~® For the block copolymer, time-consum-
ing steps in the preparation and purification are usually required
to obtain well-defined and pure block copolymers. In addition,
the self-assembly of some certain block copolymers in solution
is often observed due to the mutual incompatibility of different
blocks, which might retard their relative applications.3’4 pH-
and temperature-responsive random copolymers could be
another alternative to avoid these drawbacks, which can be
prepared by random copolymerization or postfunctionalization
strategy.s_9 However, the ill-defined monomer distribution of
random copolymers might inevitably become the obstacle for
investigating the influence of structure or the distribution of
monomer of copolymers on their dual stimuli-responsive
properties. Taking the maturity of synthesis of small molecules
into account, the synthesis of well-defined thermo- and pH-

-4 ACS Publications  © 2014 American Chemical Society 1121

responsive homopolymers with thermo- and pH-responsive
moieties in each repeated unit has become a long-term goal in
chemistry. Van Hest and Li et al. reported the synthesis and
property of temperature and pH-responsive homopoly-
mers.'”'" Their results suggested that it would be much easier
to prepare multiresponsive copolymers via copolymerization of
a dual responsive monomer with other specific monomers.'>"!

Herein, we designed a new acrylamide monomer, namely, N-
(2-(diethylamino )ethyl)-N-(3-(isopropylamino)-3-oxopropyl)-
acrylamide (DEAE-NIPAM-AM), on the basis of well-studied
pH-responsive poly((IN,N-diethylamino)ethyl methacrylate)
(PDEAEMA) with a pK, around 7.3'% and thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) with a LCST about
32 °C."® One side segment of this monomer was an N-
isopropyl amide derivative with the intent to possess
thermoresponsive property, and the other side segment was
the N,N-diethylamino ethyl group to keep pH sensitivity. In
particular, CO, also could be employed as a special protonating
agent for the N,N-diethylamino ethyl group, which allowed
reversible switchability of the monomer between hydrophility
and hydrophobility by bubbling CO,/N,."***™*® This new
monomer was synthesized from commercially available reagents
of N,N-diethylethylenediamine, N-isopropylacrylamide, and
acryloyl chloride via two-step reaction (Scheme 1). Sub-
sequently, RAFT polymerization was utilized to get target
homopolymers with controlled molecular weights and relatively
narrow molecular weight distributions. The influence of
molecular weight, salt concentration, and pH value on the
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Scheme 1. Synthetic Route of Poly(DEAE-NIPAM-AM)
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LCST of the homopolymer was examined by UV-—vis
transmittance measurement. This kind of homopolymer
showed dual thermo- and pH-responsive properties, whose
LCST could be tuned from 24.4 to 44.4 °C in a pH window
from 10.0 to 7.5. In particular, the solubility of the
homopolymer could be reversibly adjusted by bubbling CO,
and N, without the addition of acids or bases. In addition, we
need to point out that considering the good tolerance of the
Aza-Michael addition reaction a wide range of acrylate- or
acrylamide-based functional homopolymers can be envisioned
by appropriate selection of amino-containing compounds and
acrylate or acrylamide via the synthetic strategy employed in
our current work, pointing to the potential broad scope of
functional materials.

The key intermediate of 3-(2-(diethylamino)ethylamino)-N-
isopropylpropanamide 1 was first prepared through Aza-
Michael addition reaction using N,N-diethylethylenediamine
and N-isopropylacrylamide as starting materials, which
contained potential pH(CO,) and thermoresponsive N-
isopropyl amide and N,N-diethylamino ethyl moieties. Figures
SIA and S1B (Supporting Information) show 'H and *C
NMR spectra of intermediate 1, displaying the expected
resonance signals of N-isopropyl amide, which confirmed the
structure of target intermediate 1.

Subsequently, the obtained intermediate 1 was treated with
acryloyl chloride to afford the DEAE-NIPAM-AM monomer.
The structure of the DEAE-NIPAM-AM monomer was verified
by 'H NMR, *C NMR, FT-IR, and ESI-MS. The proton
resonance signals assured us of the structure of the monomer,
showing that I[:Iy:l:lgl(ep: gLl s 1:1:2:2:6:2:6:6 (Figure
1A). The *C NMR spectrum (Figure 1B) demonstrates the
expected resonance signals of double bond (peaks of “d” and
“c”) and amide groups (peaks of “a” and “b”). In addition, the
ESI-MS result (284.2338) was also consistent with the
theoretical value (284.2333). All these results confirmed the
successful synthesis of target monomer 2.

As listed in Table 1, a series of well-defined poly(DEAE-
NIPAM-AM) homopolymers with relatively narrow molecular
weight distributions were prepared via RAFT polymerization.
The structures of the obtained homopolymers were confirmed
by 'H NMR (Figure S2, Supporting Information). The
polymerization kinetics was investigated. Linear dependence
of Ln([M]y/[M]) on the time and molecular weight on the
monomer conversion was observed in Figure S4A and Figure
S4B (Supporting Information), respectively. These observa-
tions verified the “living”/controlled nature of RAFT polymer-
ization of the monomer.
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Figure 1. '"H (A) and *C (B) NMR spectra of N-(2-(diethylamino)-
ethyl)-N-(3-(isopropylamino)-3-oxo-propyl) acrylamide 2 (DEAE-
NIPAM-AM) in CDCl,.

| S e p—
180 160 140 120

Table 1. Synthesis of Poly(DEAE-NIPAM-AM) 3 by RAFT
Polymerization®

sample [2]:[CTA] conv.? (%) M, (g/mol) PDI®
3a 107:1 21 5200 1.35
3b 163:1 19 7500 1.44
3c 197:1 23 9100 1.44
3d 300:1 16 10900 1.38

?[AIBN]:[CTA] = 1:3, solvent: DMF, temperature: 80 °C, time: 16 h.
“Measured by 'H NMR. “Measured by GPC at 35 °C using LiBr-
added DMF as eluent.

Thermoresponsive phase transition behavior of the poly-
(DEAE-NIPAM-AM) homopolymer was tested by UV—vis
approach as shown in Figure 2. The transmittance of
homopolymer solution (1 = 600 nm) vs temperature was
measured to determine the LCST, which was defined as the
temperature at which the transmittance decreased by 5%.'
Figure 2A shows the change of transmittance of poly(DEAE-
NIPAM-AM) 3b solution during heating and cooling processes.
This homopolymer obviously displayed a reversible and abrupt
change in transmittance from 26 to 40 °C during the course of
heating and cooling,

Figure 2B shows transmittance vs temperature for aqueous
solutions of poly(DEAE-NIPAM-AM) 3 with different
molecular weights. For homopolymers 3a (5200 g/mol) and
3b (7500 g/mol), their LCSTs were 24.2 and 24.5 °C,
respectively. As the molecular weight increased to 9100 g/mol
(3¢) and 10 900 g/mol (3d), LCSTs of 3c and 3d increased to
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Figure 2. Transmittance vs temperature for aqueous solution of poly(DEAE-NIPAM-AM) when pH = 9.0, (A) during one heating and cooling cycle,
[3b] = 0.5 mg/mL, (B) with different M,’s, [3] = 1.0 mg/mL, and (C) 3b with different concentrations.
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Figure 3. (A) Transmittance vs temperature for aqueous solutions of poly(DEAE-NIPAM-AM) 3b at different pHs, [3b] = 0.5 mg/mL, [NaCl] =
10 mM. (B) Influence of pH on the LCST of the homopolymer and degree of protonantion of the N,N-diethylamino ethyl group. Inset of the figure
shows relationship between the LCST of the homopolymer with the degree of protonation of the N,N-diethylamino ethyl group. (C) Transmittance
change of poly(DEAE-NIPAM-AM) 3b in aqueous solution at S0 °C by alternating bubbling with CO,/N, stimulation, [3b] = 0.5 mg/mL.

27.0 and 28.7 °C. Previous studies on PNIPAM and other
thermoresponsive polymers showed that the LCST could be
independent,®® directly dependent,®" or inversely dependent™
upon molecular weight. Generally, the end group of
thermoresponsive polymers and dilution effect may relate to
polymer—solvent interaction and hydrophobic/hydrophilic
balance of polymer and, thus, the dependence of LCST with
molecular weight, especially in the relatively low molecular
weight regime. First, S,S'-bis(a,a’-dimethyl-a”-acetic acid)
trithiocarbonate (BDMAT) was used as a chain transfer agent
(CTA) to prepare poly(DEAE-NIPAM-AM) 3 homopolymer
(Scheme 1), and carboxyl should be located at both chain ends.
Therefore, the hydrophilic carboxyl would perturb the
hydrophobic/hydrophilic balance and increase the LCST of
the homopolymer with a lower molecular weight.”*> Second, a
previous result indicated that for the same mass concentration a
higher molecular weight would result in a lower molar
concentration, that is, a more “dilute” polymer solution with
less polymer chains.** In order to test the dilution effect on the
LCST of the homopolymer, the concentration dependence on
LCST of homopolymer 3b (M, = 7500 g/mol) (Figure 2C)
and LCSTs of poly(DEAE-NIPAM-AM) 3 with a lower
concentration of 0.5 mg/mL (Figure SS, Supporting
Information) were examined. The LCST of 3b was 24.5 °C
as the concentration was 1.0 mg/ mL. It increased to 26.3 and
28.2 °C with the decrease of the concentration to 0.5 and 0.2
mg/mL, respectively (Figure 2C). One also can see that a lower
concentration led to an increase in LCSTs for all of
homopolymer 3 with different molecular weights (Figure SS,
Supporting Information). These observations showed that the
LCST increased upon lowering the concentration of the
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homopolymer, which was consistent with previous reports.>*>¢

Thus, for the same mass concentration, the homopolymer with
a higher molecular weight will show a higher LCST. In the
current case, the dilution effect might overwhelm the chain end
effect, which led to direct dependence of the LCST on the
molecular weight of the homopolymer.
Poly(DEAE-NIPAM-AM) 3 homopolymer can be consid-
ered to have pH responsiveness for the existence of a tertiary
amino group. A previous report showed that the hydrogen
bond between the amide group and water molecule would be
weakened when salts (e.g, NaCl) were present due to their
polarization of adjacent water molecules.”” One might argue
that the change of solution ionic strength (Na* and CI™) might
bring out the difference in LCST at different pHs since Na* or
CI™ was introduced during the adjustment of pH by NaOH or
HCL So we first examined the influence of concentration of
NaCl on the LCST of homopolymer 3b (Figure S6, Supporting
Information). We found that a higher concentration of NaCl
led to a slightly higher LCST. To exclude the influence of salt
on LCST, NaCl was added into each solution with a
concentration of 10 mM as the adjustment of pH. The
solution turbidity for aqueous solution of homopolymer 3b (0.5
mg/mL) vs temperature at different pHs is shown in Figure 3A.
One can see that LCSTs of homopolymer 3b were 24.4, 27.3,
33.0, 36.8, and 44.4 °C at pH of 10.0, 9.0, 8.5, 8.0, and 7.5,
respectively (Figure 3B). The solution was transparent at pH of
7.0 over the experimental temperature range even at 70 °C.
Previous reports showed that LCST was primarily determined
by the balance between the thermo-dependent hydrophobic
unit and ionizable group.'”'*™'® Therefore, we conducted a
titration experiment to examine the degree of protonation of
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the N,N-diethylamino ethyl group at different pHs (Figure S7,
Supporting Information). As the pH decreased from 10.0 to
7.5, the degree of protonation of N,N-diethylamino ethyl
groups increased from 0 to 58% with the increase of LCST
from 24.4 to 44.4 °C (Figure 3B). This observation indicated
that a higher phase transition temperature was required so as to
compensate the improvement of hydrophilicity from the
protonated N,N-diethylamino ethyl group. As shown in the
inset of Figure 3B, the LCST of the homopolymer is plotted
against the degree of protonation at different pHs, and one can
see an obviously linear relationship. It is interesting that no
LCST could be observed at pH of 7.0, at which the degree of
protonation was 80%, while an obvious LSCT of 44.4 °C was
detected at pH of 7.5 with only slightly lower degree of
protonation of 73%. This high sensitivity of thermoresponsive
behavior to pH, especially at the range around 7, invoked our
investigation on a homopolymer’s CO,-trigger thermorespon-
sive behavior.

As we know, CO, gas is a unique pH stimulus which forms a
chemical equilibrium with weak carbonic acid in aqueous
solution. Unlike most acids, if the solution was purged with an
inert gas such as N, or Ar, dissolved CO, can be easily
removed. It was affirmed that tertiary amine groups can be
protonated by CO, to form a charged ammonium bicarbonate
which can be recovered upon CO, removal.'>"*~"® Figure 3C
presents the transmittance change of poly(DEAE-NIPAM-AM)
3b in aqueous solution at 50 °C by alternating bubbling with
CO,/N,. Before treating with CO,, the turbid solution can be
well observed at 50 °C. After the treatment with CO,, the
transmittance increased rapidly from 10% to 97%, accompanied
by the decrease of pH from 8.5 to 5.2. The decrease in pH
indicated the protonation of tertiary amine groups. Sub-
sequently, a sharp drop of transmittance can be observed by
passing N, through the solution to remove CO, due to the
deprotonation of the tertiary amine of the N,N-diethylamino
group. Repeatable cycles under an alternating CO,/N,
stimulation as shown in Figure 3C indicated gas-responsive
reversibility of the homopolymer.

To conclude, a new kind of poly(DEAE-NIPAM-AM)
homopolymer with controlled molecular weights and relatively
narrow molecular weight distributions was prepared from N,N-
diethylethylenediamine, N-isopropylacrylamide, and acryloyl
chloride via a two-step reaction and RAFT polymerization.
UV—vis measurement showed that the LCST of poly(DEAE-
NIPAM-AM) homopolymer in aqueous solution was influ-
enced by pH value, molecular weight, and polymer and salt
(NaCl) concentration. In particular, the LCST of the
homopolymer could be adjusted by changing the pH of
aqueous solution in the range from 7.0 to 10.0 for the existence
of tertiary amino groups, and a lower pH would result in a
higher LCST. Given the high sensitivity of the LCST of
poly(DEAE-NIPAM-AM) to pH, the tertiary amine groups of
the homopolymer can also be protonated by bubbling CO, to
make the hydrophobic homopolymer hydrophilic at the
temperature of 50 °C, and the protonation process can be
reversed through the simple bubbling of N,. CO, as a nontoxic,
benign, and cheap trigger can make this kind of dual thermo-
and pH-responsive homopolymer show more promising
applications in the preparation of multiresponsive polymers
and hydrogels for controlled drug delivery”® and biomedical

Sensors.
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ization of DEAE-NIPAM-AM monomer, 'H NMR spectrum of
poly(DEAE-NIPAM-AM) homopolymer, kinetic study on
RAFT polymerization, dependence of NaCl concentration on
LCST of 3b, and titration experiment. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: cfeng@mail.sioc.ac.cn. Tel.: +86-21-54925520. Fax:
+86-21-664166128.

*E-mail: xyhuang@mail.sioc.ac.cn. Tel.: +86-21-54925310. Fax:
+86-21-64166128.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the financial support from National Natural
Science Foundation of China (21174158, 21274162, 51373196,
and 21474127) and Shanghai Scientific and Technological
Innovation Project (12JC1410500, 13ZR1464800,
14QA1404500, and 14520720100).

B REFERENCES

(1) Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Muller, M.; Ober, C.;
Stamm, M.; Sukhorukov, G. B.; Szleifer, 1; Tsukruk, V. V.; Urban, M;
Winnik, F.; Zauscher, S.; Luzinov, 1; Minko, S. Nat. Mater. 2010, 9,
101-113.

(2) Klaikherd, A.; Nagamani, C.; Thayumanavan, S. J. Am. Chem. Soc.
2009, 131, 4830—4838.

(3) Zhuang, J.; Gordon, M. R;; Ventura, J.; Li, L.; Thayumanavan, S.
Chem. Soc. Rev. 2013, 42, 7421—7435.

(4) Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. J. Controlled
Release 2008, 126, 187—204.

(5) Ji, X. F.; Chen, J. Z,; Chi, X. D; Huang, F. H. ACS Macro Lett.
2014, 3, 110—113.

(6) Yang, Y. E,; Mijalis, A. J.; Fu, H.; Agosto, C.; Tan, K. J; Batteas, J.
D.; Bergbreiter, D. E. J. Am. Chem. Soc. 2012, 134, 7378—7383.

(7) Hoshino, Y.; Imamura, K.; Yue, M. C.; Inoue, G.; Miura, Y. J. Am.
Chem. Soc. 2009, 131, 18177—18180.

(8) Savoji, M. T.; Strandman, S.; Zhu, X. X. Langmuir 2013, 29,
6823—6832.

9) Jung, S. H; Song, H. Y.,; Lee, Y,; Jeong, H. M,; Lee, H. L
Macromolecules 2011, 44, 1628—1634.

(10) Ayres, L; Koch, K; Adams, P. H. M, van Hest, J. M.
Macromolecules 2005, 38, 1699—1704.

(11) Luo, C. H;; Liu, Y.; Li, Z. B. Macromolecules 2010, 43, 8101—
8108.

(12) Han, D; Tong, X; Boissiére, O.; Zhao, Y. ACS Macro Lett.
2012, 1, 57—61.

(13) Zhang, G. Z.; Wu, C. Adv. Polym. Sci. 2006, 195, 101—176.

(14) Yan, Q; Zhao, Y. J. Am. Chem. Soc. 2013, 135, 16300—16303.

(15) Han, D. H,; Boissiére, O.; Kumar, S.; Tong, X,; Tremblay, L.;
Zhao, Y. Macromolecules 2012, 45, 7440—744S.

(16) Yan, B; Han, D. H,; Boissiere, O.; Ayotte, P.; Zhao, Y. Soft
Matter 2013, 9, 2011-2016.

(17) Feng, A. C; Yuan, J. Y. Macromol. Rapid Commun. 2014, 35,
767—779.

(18) Liu, B. W.; Zhou, H.; Zhou, S. T.; Zhang, H. J.; Feng, A. C,; Jian,
C.M,; Hy, J.; Gao, W. P.; Yuan, J. Y. Macromolecules 2014, 47, 2938—
2946.

(19) LCSTs of homopolymers under different conditions were
estimated and defined as the temperature at which the transmittance
decreased by 5%. There might be certain errors in the measurement of

dx.doi.org/10.1021/mz5005822 | ACS Macro Lett. 2014, 3, 1121-1125


http://pubs.acs.org
mailto:cfeng@mail.sioc.ac.cn
mailto:xyhuang@mail.sioc.ac.cn

ACS Macro Letters

LCSTs via UV—vis approach since the data obtained might not be
abundant enough to ensure the accuracy of the LCST. Thus, we
assumed an uncertainty of +5% in the LCSTs of homopolymers.

(20) Tiktopulo, E. I; Uversky, V. N.; Lushchik, V. B.; Klenin, S. I;
Bychkova, V. E.; Ptitsyn, O. B. Macromolecules 1995, 28, 7519—7524.

(21) Liu, Q; Yu, Z;; Ni, P. Colloid Polym. Sci. 2004, 282, 387—393.

(22) Laukkanen, A.; Valtola, L; Winnik, F. M.; Tenhu, H.
Macromolecules 2004, 37, 2268—2274.

(23) Yu, B; Chan, J. W,; Hoyle, C. E,; Lowe, A. B. J. Polym. Sci,
Polym. Chem. 2009, 47, 3544—3557.

(24) Roeser, J.; Moingeon, F.; Heinrich, B.; Masson, P.; Arnaud-Neu,
F.; Rawiso, M.; Mery, S. Macromolecules 2011, 44, 8925—8935.

(25) Gao, M,; Jia, X. R;; Kuang, G. C; Li, Y,; Liang, D. H.; Wei, Y.
Macromolecules 2009, 42, 4273—4281.

(26) Xu, J; Ye, J; Liu, S. Y. Macromolecules 2007, 40, 9103—9110.

(27) Zhang, Y. J.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. J. Am.
Chem. Soc. 2005, 127, 14505—14510.

(28) Satav, S. S.; Bhat, S.; Thayumanavan, S. Biomacromolecules 2010,
11, 1735—1740.

1125

dx.doi.org/10.1021/mz5005822 | ACS Macro Lett. 2014, 3, 1121-1125



