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Abstract

Well-defined poly(2-(dimethylamino)ethyl methacrylate)-based (co)polymers with various molar masses were
synthesized by atom transfer radical polymerization (ATRP) using CuBr ligated with 1,1,4,7,10,10-hexamethyltriethy-
lenetetramine (HMTETA) as catalyst, and ethyl 2-bromoisobutyrate (EBiB) or a-methyl, w-(2-bromoisobutyrate) poly-
(ethylene glycol) (mPEG,-BiB) as (macro)initiator. The solution properties of these (co)polymers were investigated
by viscometry either in pure water or in concentrated buffer solutions. It comes out that reduced viscosity in pure water
is strongly affected by the molar mass of poly(2-(dimethylamino)ethyl methacrylate) block but also by the quaterniza-
tion degree of tertiary amino groups. In fact, a polyelectrolyte effect can only be detected when the charge density per
macromolecule reaches a critical value either in terms of molar mass or quaternization degree. Fitting of viscometry
data according to either Huggins or Fuoss and Fedors equation also allows calculating the intrinsic viscosity and
approaching the overlap concentration.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction used as DNA binding agents in nonviral gene delivery
systems. In this context, our group has recently reported

In recent years, much interest has been devoted to a new strategy to introduce poly(ethylene glycol) se-

water-soluble cationic polymers, such as poly(L-lysine)
[1,2], derivatized chitosan [3,4], 2-(dimethylamino)ethyl
methacrylate-based [5-9] and 2-(diethylamino)ethyl
methacrylate-based (co)polymers [10-14] that can be
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quences/grafts into 2-(dimethylamino)ethyl methacry-
late (DMAEMA)-based polymer/DNA complexes in
order to prepare hemocompatible particles, which can
transfect cells in the presence of serum [15]. For that
purpose, perfectly well-tailored (co)polymers in terms
of architecture, molar mass and composition were highly
desirable which explains why a controlled radical poly-
merization technique, i.e. atom transfer radical poly-
merization (ATRP), was considered. Indeed, ATRP is
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one of the most robust controlled/“living” radical
polymerization methods since it can be applied to a
wide variety of functional monomers such as DMAEMA
[16-18] and provides well-defined polymers [19-24].

However to the best of our knowledge, there have
been only a very limited number of studies on the vis-
cometric behavior of such aminated (co)polymers. In
the early nineties, the polyelectrolytic character of qua-
ternary derived PDMAEMA has been demonstrated by
Andonova and co-workers using polymers prepared by
conventional free radical polymerization [25]. More
recently, Li and co-workers reported the graft copoly-
merization of sodium carboxymethylcellulose with
acrylamide and DMAEMA using ammonium persul-
fate (APS) and N,N,N’,N'-tetramethylene diamine
(TMEDA) as initiating system [26]. The relationship
between the reduced viscosity and pH for these
(co)polymers in aqueous NaCl solution was briefly
reported.

It must be emphasized that viscometry represents
probably the most widely used experimental method to
assess the conformational transition of polyelectrolytes
in solution [27]. Indeed, viscometric behaviors are re-
lated to the chemical structure of the polycation, its size
and charge density but also to the environment proper-
ties such as the ionic strength, pH and addition of salts
[28].

In the present paper, viscometric properties of well-
defined DMAEMA-based (co)polymers in salt-free
solution are investigated. The influence of the macro-
molecular parameters such as composition and molar
mass are described. In order to avoid limitations in-
duced by the partial protonation of PDMAEMA
chains in Millipore water, additional experiments have
focused on the viscometric behavior of PDMAEMA
homopolymers either in acetic acid/sodium acetate buf-
fered solution or after quaternization of the pending
tertiary amino groups.

2. Experimental part
2.1. Materials

Ethyl 2-bromoisobutyrate (EBiB, 98%), 2-bromo-
2-methylpropionylbromide (98%), 2-(monomethoxy-
capped-poly(ethylene glycol)) (mPEG, with x =10
(M, = 480) or 44 (M, = 1950)), 1,1,4,7,10,10-hexameth-
yltriethylenetetramine (HMTETA, 97%) and copper (I)
bromide (CuBr, 98%) were purchased from Aldrich
and used as received. Triethylamine (from Fluka, 99%)
was dried over barium oxide for 45 h at r.t. and distilled
under reduced pressure. Tetrahydrofuran (THF, from
Chem-Lab, 99+%) and 2-(dimethylamino)ethyl methac-
rylate (DMAEMA, from Aldrich) were passed through
a column of basic alumina to remove out the stabilizing

agents. The monomer was then stored under N, at
—20 °C.

2.2. Synthesis of a-methyl-w-(2-bromoisobutyrate)
poly(ethylene glycol) (mPEG-BiB)

In a typical experiment, a solution of monomethoxy-
capped-poly(ethylene glycol) (mPEG, 2 g, 4.1 mmol)
and triethylamine (2.5 mL, 17.9 mmol) in 70 mL of anhy-
drous THF was cooled in an ice-water bath. Then, 2-bro-
mo-2-methylpropionylbromide (2.2 mL, 17.9 mmol) was
slowly added to the reaction mixture. The solution was
warmed up to ambient temperature and stirred for
48 h. After filtration, the organic layer was evaporated
under reduced pressure.

2.3. Synthesis of PDMAEMA and
mPEG-b-PDMAEMA (co)polymers

In a typical experimental run, a dry glass-tube was
charged with CuBr (34 mg, 0.24 mmol) and a magnetic
stir bar. The tube was closed with a three-way stopcock
capped by a rubber septum and purged by three
repeated vacuum/nitrogen cycles. Separately, in a dry
flask, HMTETA (0.109 g, 0.47 mmol), DMAEMA
(4 mL, 23.73 mmol), and when needed, 4 mL of THF
or toluene were introduced and bubbled with nitrogen
during 5 min before transferring the mixture into the
glass-tube placed in a water bath maintained at a given
temperature. Finally, degassed EBiB or mPEG -BiB was
added to the tube with a degassed syringe. The polymer-
ization was stopped by immersing the tube into a liquid
nitrogen bath and the (co)polymer was recovered by pre-
cipitation from cold heptane. Monomer conversion was
determined by gravimetry. The catalyst was removed by
taking advantage of the pH-dependence and thermo-
responsive behavior of the PDMAEMA chains in water
[29-31]. In practice, a crude polymer solution (1 g in
5mL H,0) was added drop by drop into 100 mL of
an aqueous NaOH solution and the mixture was heated
up to 65°C for precipitating colorless (co)polymer
chains.

2.4. Quaternization of tertiary amino groups in
PDMAEMA homopolymer

Quaternization reaction of PDMAEMA was con-
ducted using methyl iodide (CH;I) as the quaternizating
agent, according to a method reported previously [14].
Typically, 1 g of PDMAEMA homopolymer (6.3 mmol
tertiary amine) was introduced in a round bottom flask
and dissolved in THF (40 mL) under stirring at room
temperature. Then, a defined amount of CH;I (e.g.,
1.6 mmol in the case of 25% quaternization) solution
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in THF (40 mL) was added drop wise. After 18 h, the
quaternized homopolymer was recovered by volatilizing
the solvent and residual CHsI.

2.5. Characterization

'"H NMR spectrum was recorded using a Bruker
AMX-300 apparatus at r.t. in CDCl; (30 mg/0.6 mL).
Size exclusion chromatography (SEC) was performed
in THF + 2 wt% NEt; at 35 °C using a Polymer Labora-
tories liquid chromatograph equipped with a PL-DGS802
degasser, an isocratic HPLC pump LC 1120 (flow
rate = 1 mL min~"), a Marathon autosampler (loop vol-
ume = 200 pL, solution conc. = 1 mgmL™"), a PL-DRI
refractive index detector and three columns: a PL gel
10 pm guard column and two PL gel Mixed-B 10 pum
columns. Poly(methyl methacrylate) standards were
used for calibration. Viscometry was carried out at
25°C using an Ubbelhode viscometer (inner diameter
¢ = 0.46 mm). The (co)polymer solutions were prepared
24 h before measurements by dissolution in Millipore
water (pH = 6.5) or in an acetic acid/sodium acetate
aqueous buffer (0.5mol L™!) and then maintained at
25°C for at least 30min to reach -equilibrium
temperature.

3. Results and discussion

Poly(2-(dimethylamino)ethyl methacrylate) (PDMA-
EMA)-based (co)polymers were synthesized by atom
transfer radical polymerization (ATRP) under mild con-
ditions using copper (I) bromide (CuBr) ligated with
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTE-
TA) as the catalyst, and ethyl 2-bromoisobutyrate
(EBiB) or a-methyl-w-(2-bromoisobutyrate) poly(ethyl-
ene glycol) (mPEG,-BiB) as the (macro)initiator
(Scheme 1).

Table 1 shows the experimental conditions for the
synthesis of these (co)polymers to be used for the visco-
metric study as well as their apparent molecular charac-
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teristics (M, (SEC) relative to PMMA calibration).
Absolute molar mass (M,,) of PDMAEMA homopoly-
mers have not been determined, except for Entry 3 with
M, reaching 26,700 as determined by vapor pressure
osmometry in toluene. It is worth pointing out that this
value is very close to the theoretical one, assuming a
“living” radical polymerization (M, (calcd) =[DMA-
EMA]/[EBiB]y x conv. x MWpyaema)- As far as PEG-
b-PDMAEMA block copolymers are concerned (Entries
7-10, Table 1), the number-average molar mass has been
estimated by 'H NMR spectroscopy (M, (NMR)) from
the relative intensities of the a-amino methylene protons
of DMAEMA derived repeating units at J = 2.6 ppm
and the methylene protons of poly(ethylene glycol)
sequence at ¢ = 3.65 ppm (CDCls), knowing the molar
mass of the PEG block (Fig. 1). These values are in
rather good agreement with the expected values (M,
(calcd)) calculated from the initial DMAEMA to
(macro)initiator molar ratio. For sake of comparison,
a M, value of 19,100 has been determined for Entry 7
by vapor pressure osmometry in toluene. Further
confirming the control over the polymerization, mono-
modal and quite narrow molecular weight distributions
(M/M,, Table 1) have been reached by size exclusion
chromatography (SEC) with polydispersity indices rang-
ing mostly from 1.2 to 1.4. In a next part, these well-
defined (co)polymers have been used to investigate their
viscometric behavior.

3.1. Influence of the (co)polymer molar mass and
composition on the reduced viscosity

In a first series of experiments, the effect of the
PDMAEMA apparent molar mass (M, (SEC)) on the re-
duced viscosity (1s,/C) in pure water has been investi-
gated. Fig. 2 shows the reduced viscosity of various
homopolymers as a function of their concentration. As
expected for non-ionized or poorly ionized polymer solu-
tions, the reduced viscosity profile of PDMAEMA with
apparent molar masses lower than 45,000 follows the
Huggins relationship (Eq. (1)), i.e., no polyelectrolyte
effect (see hereafter) can be detected but #,/C slightly in-
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RO CH, n

o
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/
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Scheme 1. Copper (I) mediated “living” radical polymerization of DMAEMA using alkylbromide (macro)initiator.
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Table 1

Conditions for the synthesis of PDMAEMA-based (co)polymers by ATRP using CuBr/HMTETA catalytic complex and alkylbromide
(macro)initiator

Entry  (Macro)initiator [DMAEMA]y/ Solvent T (°C) (h) M, (caled)* M, (NMR)® M, (SEC)® M./M,°
[(macro)initiator],
14 EBiB 93 THF 60 16 14,600 - 14,000 1.19
2° EBiB 100 Toluene 85 24 11,200 - 17,700 1.28
3¢ EBiB 200 Toluene 85 1 26,200 - 23,100 1.29
4f EBiB 180 Bulk 25 4 25,600 - 27,500 1.39
5 EBiB 300 Bulk 25 16 38,300 - 41,000 1.41
64 EBiB 500 THF 25 16 68,900 - 49,100 1.59
7 PEO,(BiB 97 Bulk 25 1 13,500 16,900 16,100 1.28
8" PEO,(BiB 192 Bulk 25 4 27,500 31,900 30,800 1.30
of PEO,;(BiB 370 Bulk 25 4 53,500 43,000 41,800 1.50
104 PEO,4sBiB 100 THF 60 4 29,200 35,300 28,600 1.33

* As calculated from the following equation: M, (calcd) = MWpgo, g + ((DMAEMA],/[(macro)initiator],) x conversion x
MWpMAEMA]-

® As determined by '"H NMR spectroscopy from the relative intensities of the s-amino methylene protons of DMAEMA derived
repeating units at 0 = 2.6 ppm and the methylene protons of PEG sequence at ¢ = 3.65 ppm (CDCl;).

¢ As determined by SEC with reference to PMMA standards.

4 [DMAEMA], = 2.95 M, [(macro)initiator]/[CuBr]/[HMTETA], = 1/1/2.

¢ [DMAEMA], = 2.39 M, [(macro)initiator]y/[CuBr]o/[HMTETA], = 1/1/2.

" IDMAEMA], = 5.93 M, [(macro)initiator]/[CuBr]y/[HMTETA], = 1/1/2.

f (I
OCH &

Hjé—o-Pc] : o—C— c—[CH—c—]—Br

d,f

/

SO OO L

PPn | 40 35 30 25 20 15 0.5

29140

Fig. 1. "H NMR spectrum of mPEG,->-PDMAEMA diblock copolymer in CDCl; (Entry 8, Table 1).

creases with both polymer concentration and molar mass dynamic effect of a single polymer molecule and extrap-
[32]. Eq. (1) reflects the net contribution from the hydro- olation to zero concentration corresponds to [#].
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Fig. 2. Concentration dependence of the reduced viscosities of
various PDMAEMA polymers in salt-free aqueous solution at
25 °C (Entries 1-6, Table 1).

Ny/C =[] + K [°C (1)

where 7,, C, [#] and k', are the specific viscosity, the
concentration of the polymer, the intrinsic viscosity
and the Huggins constant, respectively.

Table 2 shows [n] and k' values as calculated applying
Eq. (1) to viscometric data of PDMAEMA homopoly-
mers with apparent molar masses lower than 45,000.
As could be expected, the intrinsic viscosity value in-
creases with the M, (SEC) while the Huggins constant
shows positive values with a minimum for an apparent
molar mass close to 23,000.

Very interestingly, one can also note that longer poly-
meric chains (with M, (SEC) = 49,100) show a polyelec-
trolyte behavior characterized by a sharp increase of the
reduced viscosity at low concentration range (Fig. 2).
The polyelectrolyte effect is due to an expansion of the
polyionic chain, which is caused by the progressively en-
hanced dissociation of ionizable groups as concentration
decreases and therefore intensification of intramolecular
repulsive interactions between ionized groups (i.e., pro-
tonated amino groups) spread all along the chain. These
results highlight that a minimum chain length is neces-
sary to display a polyelectrolyte effect likely due to the
pK, value of PDMAEMA in water (pK, ~ 7.4) [33]. In-
deed, dissolution of PDMAEMA in pure water only

Table 2
Effect of PDMAEMA apparent molar mass on the intrinsic
viscosity [1] and Huggins constant (k') at 25 °C in pure water

Entry® 7 (dL g™ k'

1 0.037 13.30
2 0.038 15.69
3 0.067 1.06
4 0.052 6.95
5 0.073 4.95

% Molecular characteristics are reported in Table 1 (same
entry number).

provides partial protonation of the amino groups pend-
ing onto the repeating monomeric units so that the poly-
electrolyte behavior is only effective for a charge density
per macromolecule high enough. The curve shown in
Fig. 2 (corresponding to Entry 6 in Table 1) can be lin-
earized applying the Fuoss (Eq. (2)) [34] and Fedors
[28,35] (Eq. (3)) equations:

M/ C =[]/ (1 + kC*?) (2)

/200> = D) = 1/[n]C — 1/[n]Cm 3)

where sy, 11, C, [1], k and Cm, are the specific viscosity,
the relative viscosity, the concentration of the polymer,
the intrinsic viscosity, the Fuoss constant and a polymer
constant parameter, respectively.

Figs. 3 and 4 show that straight lines are obtained
using both Fuoss and Fedors equations allowing to cal-
culate intrinsic viscosity values of 0.18 and 0.13 dL g™,
respectively. These values appear quite close to each
other. The concentration range employed in this study
include the overlap concentration, C*, at which polymer
coils begin to overlap each other (separating semi-dilute
and dilute regimes) as is usually known for polyelectro-
lyte [36]. C* can be approached from the reciprocal of
the intrinsic viscosity (C* = 1/[n]) [37] or experimentally
as the concentration at which the viscosity is twice the

sp
~
*

ch_ (g.dL™)
(2]

[$))

N

0.6 0.8 1 1.2 1.4
ch? (g dL-1)1/2

1
~

Fig. 3. Representation of the Fuoss equation for Entry 6,
Table 1.

507
. 401 ¢
=
o
5_30- -
S
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Fig. 4. Representation of the Fedors equation for Entry 6,
Table 1.
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Fig. 5. Concentration dependence of the reduced viscosities of
PDMAEMA copolymers in salt-free aqueous solution at 25 °C
(Entries 7-10, Table 1).

solvent viscosity [28]. The results obtained for C* by
means of the above mentioned methods are equal to
6.5gdL" and 6.4 gdL™!, respectively.

It is worth noting that a similar phenomenon has
been observed for mPEG-b-PDMAEMA block copoly-
mers (Fig. 5) for which a minimum apparent molar mass
(M) in PDMAEMA block is again needed to display a
polyelectrolyte effect. Indeed, the polyelectrolyte behav-
ior is detected for the longer copolymer, i.e., character-
ized by a PDMAEMA block with a M, as high as
43,000.

In order to avoid limitations induced by the partial
protonation of PDMAEMA chains in Millipore water,
additional experiments have focused on the viscometric
behavior of the homopolymers in acetic acid/sodium
acetate buffered solution as well as on the effect of quat-
ernization of the amino groups.

3.2. Influence of the solution pH on the reduced viscosity

Due to the presence of weakly basic tertiary amino
groups pending along the chains, the extent of ionization
and solution properties should be strongly affected by
substituting acetic/sodium acetate aqueous buffer
(0.5mol L™Y) for water. However, the concomitant
enhancement of the ionic strength with the decrease of
pH may also affect the layer of the bonded counterions
around the chains, and accordingly trigger the chain
contraction and even precipitation [38]. Such a behavior
will depend on the nature and concentration of anions.
Fig. 6 shows the concentration dependence of the re-
duced viscosity for a PDMAEMA sample (Entry 6,
Table 1) solubilized in Millipore water and in an ace-
tic/sodium acetate aqueous buffer (0.5 mol L™, respec-
tively. An increase of the protonation degree of tertiary
amino groups leads to higher reduced viscosity values
due to higher hydrodynamic volume and some increase

010 - A PDMAEMA
’ A PDMAEMA (pH = 4.8)

‘rq, 0.08 - . R A
2 A A
2 as
% 006 o
(2]
K]
>
< 0044
[}
[Z]
3
@ 0.02
4 2 A Ap & A A A A

0.00 T T T ,

0 5 10 15 20

Concentration (g.L'1)

Fig. 6. Concentration dependence of the reduced viscosities of
PDMAEMA polymer in salt-free aqueous and buffered
(pH = 4.8) solutions at 25 °C (Entry 6, Table 1).

of long range repulsive interactions. However, no typical
polyelectrolyte effect could be observed whatever the
molar mass of the investigated PDMAEMA chains
(not shown here). This is more likely due to the neutral-
ization of positive charges by large acetate anions and
therefore the decrease of short range repulsive interac-
tions. The acetate counterions are weakly acidic groups
which are not tightly bonded to the tertiary ammonium
cations.

3.3. Influence of quaternization degree on the reduced
viscosity

Quaternization reactions of a PDMAEMA homopol-
ymer (Entry 1, Table 1) were carried out using various
amounts of methyl iodide in tetrahydrofuran at room
temperature for 18 h. Quaternization degree as deter-
mined by '"H NMR spectroscopy in D,O (from the rela-
tive intensities of a-amino methyl protons at 2.65 ppm
(not quaternized) and 3.40 ppm (quaternized); NMR
spectra not shown here) are in perfect agreement with
the initial amino group-to-CH;I molar ratios. Fig. 7
shows the variation of the reduced viscosity as a func-
tion of polymer concentration for different quaterniza-
tion degrees. A polyelectrolyte behavior is clearly
observed from quaternization yields higher than 25%.
Moreover, one can note that the reduced viscosity in-
creases with the quaternization yield, which results from
the higher electrostatic repulsions and steric hindrance.
The curves obtained by applying the Fuoss and Fedors
equations to viscometric data for the quaternized
PDMAEMA samples are presented in Figs. 8 and 9.
As can be observed, straight lines are obtained for all
the samples over a wide range of concentration allowing
calculating the intrinsic viscosity values (Table 3). Anal-
ysis of these data shows that the intrinsic viscosity values
obtained by the Fedors equation are much lower than
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Fig. 7. Concentration dependence of the reduced viscosities of
quaternized PDMAEMA polymers in aqueous solution at
25°C (Entry 1, Table 1).
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Fig. 8. Representation of the Fuoss equation for quaternized
PDMAEMA.
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Fig. 9. Representation of the Fedors equation for quaternized
PDMAEMA.

those obtained by the Fuoss equation as usually ob-
served [28]. Furthermore, the [y] values as calculated

Table 3
Intrinsic viscosity and overlap concentrations for quaternized
PDMAEMA (Entry | in Table 1)

a *

Quatern— [n]FuosS [n]Fedors C;xp C;uoss CFedOTS
ization  (dLg™") (dLg™") (gdL™) (gdL™") (gdL™)
degree (%)

25 0.71 0.41 7.4 1.4 2.4
50 2.32 0.83 4.9 0.4 1.2
75 2.69 0.91 4.6 0.4 1.1
100 3.15 0.86 4.9 0.3 1.2

% Determined as the concentration at which the viscosity is
twice the solvent one.

by the Fedors equation lead to C* values closer to values
experimentally determined, than C* obtained via the
Fuoss equation. Finally, it is worth noting that [#] shar-
ply increases when the quaternization degree passes
from 25% to 50%, then it tends to level off whatever
the method.

4. Conclusion

Well-defined poly(2-(dimethylamino)ethyl methacry-
late)-based (co)polymers with various molecular weights
were synthesized by atom transfer radical polymeriza-
tion (ATRP) using CuBr ligated with 1,1,4,7,10,10-hexa-
methyltriethylenetetramine (HMTETA) as catalyst,
and ethyl 2-bromoisobutyrate (EBiB) or o-(2-bromo-
isobutyrate)-w-methyl poly(ethylene glycol) (mPEG,-
BiB) as (macro)initiator. The water solution properties
of these (co)polymers were investigated by means of vis-
cometric measurements. It comes out that PDMAEMA
with apparent molar masses lower than 45,000 follows
the Huggins relationship, i.e., no polyelectrolyte effect
can be detected but #,,/C slightly increases with both
polymer concentration and molar mass. In contrast, a
polyelectrolyte behavior characterized by a sharp in-
crease of the reduced viscosity at low concentration
range is observed for longer polymeric chains (e.g., M,
(SEC) = 49,100).

In parallel and in order to avoid limitations induced
by the partial protonation of PDMAEMA chains in
Millipore water, further studies have focused on the vis-
cometric behavior of the homopolymers in acetic acid/
sodium acetate buffered solution as well as on the effect
of amino group quaternization. As a result, an increase
of the protonation degree of tertiary amino groups leads
to higher reduced viscosity values due to more expanded
hydrodynamic volume and some increase of long range
repulsive interactions. However, no typical polyelectro-
lyte effect could be observed whatever the PDMAEMA
molar mass more likely due to the neutralization of po-
sitive charges by large acetate anions. On the other
hand, polyelectrolyte behavior is observed for quatern-
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ization degrees higher than 25%. The Fuoss and Fedors
equations were used to calculate the intrinsic viscosity
values for these quaternized PDMAEMA chains. The
analysis of these data showed that the intrinsic viscosity
values obtained by the Fedors equation were much lower
than those obtained by the Fuoss equation. Further-
more, the [n] values calculated by the Fedors equation
led to overlap concentration values (C*) closer to experi-
mentally determined C*.
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