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ABSTRACT: Reacting poly(maleic anhydride)-based poly- H,N-R

mers with H,N—R nucleophiles is a flexible and highly (

effective approach for preparing a variety of multifunctional, Cﬁﬁ C%“% )i&)
multicoordinating, and multireactive polymers. The exact e --=>
transformation of the anhydride ring during this addition Mild conditions Heating/

reaction is still an open question. In this report, we MeOH/sOCl,
characterize the transformation of a representative block

copolymer, poly(isobutylene-alt-maleic anhydride), with a few

H,N—R nucleophiles. In particular, we test the effects of

varying a few reaction parameters/conditions (e.g., temper-

ature, solvent, reaction time, and addition of thionyl chloride)

on the nature of the anhydride transformation and bond formed between the polymer and the lateral R groups. The resulting
polymers are characterized using a combination of analytical techniques including FT-IR, one- and two-dimensional NMR, and
gel electrophoresis. We find that the ring opening transformation occurs under mild conditions. Conversely, cyclic imide
transformation can take place for reactions carried out at high temperature (e.g., in DMF under refluxing conditions). We also
find that use of a protic solvent, such as methanol, or addition of thionyl chloride (SOCL,) to the reaction mixture under
refluxing conditions can promote cyclic imide transformation. The cyclic imide transformation is nonetheless partial, as carboxyl
groups could still be accounted for in the resulting compounds. Depending on the type of transformation, the resulting polymer
can exhibit a few distinct properties, such as net charge buildup along the chain, or the appearance of weak UV—vis absorption
and fluorescence properties. These findings are useful for understanding the properties exhibited by polymer materials prepared
via this flexible and highly effective route using anhydride containing polymers and oligomers.

<_-

H INTRODUCTION various colloidal nanocrystals (e.g, Au nanostructures,
luminescent QDs, and IONPs).”'%* Conversely, Haldar and

Poly(maleic anhydride)-based polymers, often used as block
co-workers exploited this transformation reaction, applied to

copolymers, have provided chemists with a great platform for

introducing a variety of lateral functionalities along a polymer PIMA, to prepare a set of cationic polymers as mimics of
backbone, yielding multifunctional materials that have found antimicrobial peptides and tested their effectiveness against
use in a wide range of applications.'~® This is facilitated by the pathogenic bacteria.’

effectiveness of reacting anhydride rings with nucleophilic Many of the reported studies have described the reaction of
molecules (e.g, H,N—R), via the reagent-free nucleophilic anhydride rings with functional amines as a ring opening
attack. As such, the transformation of various poly(maleic transformation, producing amide linked pendant groups
anhydride)-based compounds with an array of amine- combined with the release of carboxylic acid groups along a
terminated groups has allowed the preparation of multifunc- polymer chain."*'® Nonetheless, a few literature studies have
tional polymers that have found use in the surface coating and actually discussed the transformation reaction as substitution
functionalization of colloidal nanomaterials,"**™'° the design

(imidization) where the lateral groups are directly bound to

. . 2,11 .
of drug delivery vehicles, and the preparation of the anhydride rings, and without the release of carboxylic acids

antibacterial agents.” For instance, the groups of Parak and
co-workers and Colvin and co-workers have exploited this
reaction route to transform poly(maleic anhydride-alt-1-
octadecene), PMAO, into amphiphilic polymers suited for
encapsulating colloidal semiconductor nanocrystals (quantum
dots, QDs) and iron oxide nanoparticles (IONPs).'>"? Starting

(see Figure 1).>"7" Such interpretation has been challenged
in subsequent work, nonetheless.'® Additionally, the character-
ization of the polymer products was based on limited analytical
measurements, most of them using FT-IR spectroscopy.
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Figure 1. Schematic representation showing the addition reaction between poly(isobutylene-alt-maleic anhydride) and H,N—R motifs (R = PEG-
OMe or/and LA). The two proposed pathways describing (I) anhydride ring opening coupled with amide-bond formation with R, or (II)

substitution reaction yielding cyclic imide-bound R.

In this study, we test the effects of varying several conditions,
for the addition reaction applied to PIMA (serving as a
precursor), on the nature of the anhydride transformation and
the resulting bond between the backbone and the installed
H,N—R groups. We apply several characterization techniques
to identify the correlation between the reaction conditions
used (e.g, temperature, reaction time, and solvent) and the
nature of the bond holding the pendant groups. We find that
most of the reaction conditions, routinely used by various
groups, yield open ring structure, with an amide bond coupling
the R groups to the polymer, along with the freeing of several
carboxylic acid groups. In contrast, the closed ring structure
can occur under limited conditions, namely for reactions
carried out under high temperature and/or with the
introduction of thionyl chloride (SOCL,). Our data have also
provided additional insights into the steps involved in the
imidization reaction. They show that the transformation may
actually involve a ring opening (as a first step) followed by
progressive ring closing after extended reaction time. Ring
closing reaction is not fully complete, however, as a small
fraction of open ring structures can still be measured.

B RESULTS AND DISCUSSION

Rationale. The main motivation of this report is to provide
a clear picture of the transformation of the anhydride (succinic
anhydride) rings along a polymer chain during the reaction
with any H,N—R nucleophiles (see schematic representation
in Figure 1). Though the reaction ultimately leads to the
coupling of the lateral R groups onto the backbone, the
property of the resulting compound can be strongly affected by
the exact nature of the transformation. For instance, a ring
opening reaction produces several carboxylic acids (one per
anhydride ring), while providing R groups coupled to the chain
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via amide bonds. The freed carboxyl groups provide an overall
charge, which could affect the hydrophilicity and reactivity of
the final compound. In contrast, a reaction involving
substitution yields R groups bound to the backbone via a
cyclic imide and without the generation of carboxylic acid
groups. Clearly, there are chemical ramifications of the exact
transformation on the properties of the final compound.

To address this question, we carried out the transformation
reaction of poly(isobutylene-alt-maleic anhydride) with amine-
terminated poly(ethylene glycol) or/and lipoic acid (H,N—R,
R = PEG,—OCH, or/and LA) by varying a few critical
parameters, namely, temperature of the reaction, solvent,
reaction time, and the presence of SOCl,, and probed the exact
structure of the final polymer using mainly FT-IR spectrosco-
py. The FT-IR results were further supported by 1-D 'H and 2-
D cross-correlation NMR spectroscopy measurements. Addi-
tionally, we used gel electrophoresis experiments to verify the
presence of carboxyl groups along the modified macro-
molecules. We present the data collected from the trans-
formation of PIMA (as a model system) but our findings can
be extended to other polymers presenting the anhydride motifs
in their macromolecular structures.

Effects of Varying the Reaction Temperature. The
effects of temperature have been tested by carrying out the
reaction in DMF either at a temperature range of ~40—70 °C
(i-e., mild heating) or at 153 °C (i.e., refluxing conditions). We
focus on these “extreme” conditions, because they were
reported to yield two structurally distinct polymers.">'>'”!
We will refer to the resulting compounds with open ring
structures as o-X (e.g, o-PIMA-PEG or o-LA-PIMA-PEG).
Conversely, compounds referred to as c-X (e.g, c-PIMA-PEG
or c-LA-PIMA-PEG) indicate structures with anticipated
closed cyclic imide rings along the chain. The chemical
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Figure 2. Panel A shows the FT-IR spectra over the range 3800—650 cm™! collected from the native PIMA (black curve); o-LA-PIMA-PEG,
prepared using mild reaction conditions (low temperature, green curve); and c-LA-PIMA-PEG, prepared at high temperature (refluxing in DMF,
red curve). The dashed line indicates the signature of carbonyl (C=0 at 1720 cm™") group in the carboxylic acid. Panel B shows a close-up of
those spectra over range 2000—1400 cm™', where the C=0 signatures are associated with the anhydride ring (black curve), the carboxyl or/and

the amide groups (green curve), and the cyclic imide (red curve).

structures of the final products are identified by FT-IR and
NMR spectroscopy.

Figure 2 panel A shows a side-by-side comparison between
the FT-IR spectra collected from the various compounds over
a broad range (3800—650 cm™') that includes vibrations
associated with the O—H, C=O0, and C—O-C stretching
modes (see Table 1). Conversely, panel B shows the same FT-
IR spectra but over a narrow window (2000—1400 cm™),
mainly focusing on the vibrations associated with the carbonyl
(C=0) group. A close inspection of the data from the PIMA
precursor and from the compounds generated using reactions
carried out at low temperature (compare black and green
profiles, respectively) strongly suggest that a ring opening
transformation has taken place. This conclusion is based on the
following three observations: (1) Formation of —COOH is
reflected by the shift of the C=O wavenumbers from 1853
and 1769 cm™" (ascribed to the symmetric and asymmetric
stretching modes in the anhydride rings of the PIMA) to 1720
cm™' (ascribed to the C=O0 stretching in the protonated
carboxylic acid). Along with those signatures, a broad band at
3500—3100 cm™' ascribed to O—H stretching is also
measured. (2) Formation of the amide bond (—CONH-) is
accounted for by the emergence of two bands at 1649 cm™'
and 1620—1500 cm™, respectively, assigned to the C=0
stretching and N—H bending vibrations. (3) There are no
measurable signals that can be ascribed to cyclic anhydride (at
1769 or 1853 cm™) or cyclic imide (at 1695 cm™, see below)
in the product, which proves that no ring closing has taken
place for reactions carried out under mild conditions (i.e.,
slight heating). Details about the assignments of symmetric
and asymmetric C=0 stretching in the cyclic anhydride or the

imide are provided in the Supporting Information (Figure
§1).320-22
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Table 1. Characteristic FT-IR Bands

‘Wavenumber Function
range, cm™ ' class Assignment References
3500—-2500 carboxylic O—H stretching, broad 22, p. 313; 340
acid feature;
2° N—H stretching
3000—2850 alkane C—H stretching, 2 22, p. 218
bands
1857—-1853; cyclic symmetric C=0 20, p. 130; 22, p.
1769 anhydride stretching; 311
asymmetric C=0
stretching
1730—-1724 ester C=0 stretching 20, p. 132; 22, pp.
301-305
1720—-1707 carboxylic C=0 stretching 20, p. 125
acid
1768; 1695 cyclic imide ~ symmetric C=0 22, p. 324
stretching;
asymmetric C=0
stretching
1649; amide C=O stretching; 2° 22, p. 319
1620—1500 N-H bending
1575 sodium C=O0 stretching 22, p. 318
carboxylate
1191 cyclic imide ~ C—3° N(CH,)—-C 20, p. 1105 22, p.
stretching 341
1100—1092 ethylene C—0-C stretching 20, p.102; 22, p.
glycol 336
1075—-1071; cyclic C—0—C stretching 22, p. 312
922-909 anhydride

In comparison, the FT-IR spectra collected from the
compounds generated using a reaction at 153 °C (red curve)
show two well-defined peaks at 1772 and 1695 cm™}, ascribed
to the symmetric and asymmetric C=0 stretching modes in
the cyclic imide (anticipated for the c-X compounds).
However, for reaction carried at high temperature, the cyclic
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Table 2. Synthesis of LA-PIMA-PEG Ligand under Different Reaction Conditions

Entry Solvent Temperature Time
1 DMF“ 65 °C 24h
2 DMF® 65 °C 96 h
3 DMF* 153 °C, reflux 24 h
4 DMF® 153 °C, reflux 96 h
5 Methanol” 64 °C, reflux 96 h
6 Methanol” 64 °C, reflux 2h
7 CHCL," 61 °C, reflux 96 h
8 CHCL,” 61 °C, reflux 24 h
9 CH,CL" 40 °C, reflux 24 h
10 CH,CL" 40 °C, reflux 96 h

SOCl, Ring-closing Analytical technique used
No No FT-IR, NMR, UV—vis, PL
No No FT-IR
No Nearly all FT-IR, NMR, UV—vis, PL
No Partial FT-IR
No Partial FT-IR
1.5 equiv Partial FT-IR
No No FT-IR
1.5 equiv Partial FT-IR
No No FT-IR
No No FT-IR

“Synthesis from precursors (i.e., PIMA, LA-NH,, and H,N-PEG-OMe). PReaction from presynthesized o-LA-PIMA-PEG ligand.
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Figure 3. FT-IR spectra collected from pre-synthesized o-LA-PIMA-PEG polymer subjected to various treatments, as detailed in each panel:
heating at different temperatures, refluxing in different chlorinated solvents, refluxing for different times in methanol, and refluxing in different
solvents and in the presence of added SOCI,. Note that the dashed red spectrum in panel A, collected from the compound c-LA-PIMA-PEG, is
reproduced from Figure 2. The dashed lines in all the panels designate the location of the asymmetric C=0 stretching mode (at 1695 cm™)

expected in the cyclic imides.

imide transformation is not 100% complete, since the FT-IR
spectrum shows a shoulder at 1720 cm™" (next to the C=0
peak at 1695 cm™") ascribed to carboxyl groups. This finding is
consistent with additional FT-IR data collected from a pure c-
PIMA-PEG (melt), prepared by carrying the reaction under
vacuum at 150 °C for 24 h.** The spectrum shows a weak
signal ascribed to the amide N—H bending at 1600 cm™,
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which implies that open ring structures persist for reactions
carried out in melt conditions. More details are available in the
Supporting Information (Figure S1B, light brown profile). We
should note that the signatures measured from the amide C=
O (at 1649 cm™) and N—H (at 1530 cm™!) in the c-LA-
PIMA-PEG shown in Figure 2, but are much weaker in the
melt c-PIMA-PEG, are ascribed to the amide bond in the LA-
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Figure 4. Summary of the proposed transformation accompanying the addition reaction when carried out: under mild conditions yielding ring open
structure (top) and under refluxing conditions in DMF, methanol, or in the presence of added SOCL, (bottom); the latter conditions yield closed
ring structures. Note that formation of the cyclic imide rings, under the various conditions, is still preceded by a ring opening step.

NH, precursor; this precursor was prepared by 1,1’-carbon-
yldiimidazole (CDI) coupling of lipoic acid to ethylenedi-
amine.”*

Overall, these FT-IR data reveal that ring opening
transformation is favored when the reaction is carried out
under mild conditions (e.g, heating at 40—70 °C), while
substitution (producing a final compound with closed ring
structure) characterizes the transformation occurring under
high temperature. However, this picture is somewhat
incomplete, as post reaction transformation of an o-X
compound (e.g, 0-LA-PIMA-PEG) under extended heating
may also promote ring closing to cyclic imides along the
polymer chain with lateral LA and/or PEG groups.

To test this hypothesis, we carried out additional experi-
ments, where 0-LA-PIMA-PEG (pre-synthesized under mild
addition reaction conditions) was heated in different solvents
and for varying time periods, followed by FT-IR character-
ization of the resulting products. We focused on the
transformation of o-X compounds, because a direct inves-
tigation of potential substitution during the addition reaction
(in situ, starting with PIMA) in different solvents is difficult to
implement and potentially uninformative, due to the stringent
solubility of PIMA. A summary of the all the conditions probed
is provided in Table 2.
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Effects of Heating o-LA-PIMA-PEG in Varying
Solvents and for Different Times. The first test was
carried out by heating a solution of 0-LA-PIMA-PEG in DMF,
either at 65 °C or under refluxing conditions (153 °C), for 96
h. Figure 3 panel A shows that mild heating (at 65 °C) yields a
product with an FT-IR spectrum that is essentially identical to
the one collected from the starting material (compare green
and purple spectra), implying that no cyclic imide is present.
The small peak measured in the purple profile at 1769 cm™
can be attributed to the presence of a few reconstituted
anhydride rings along the chain under slight heating. However,
the FT-IR data collected from o-LA-PIMA-PEG subjected to
heating under refluxing conditions in DMF show the
appearance of peaks ascribed to cyclic imides (see solid blue
spectrum); the ring closing and cyclic imide formation is,
nonetheless, partial compared to the compound directly
synthesized in DMF at 153 °C (compare the solid blue and
dashed red spectra in panel A). The second test focused on the
effects of heating the compound in three different solvents
(chloroform, methylene chloride, and methanol) to their
boiling temperatures for 96 h. The FT-IR spectra collected
from the compounds heated in CHCI; and CH,Cl, are
comparable to those collected from the starting materials,
indicating no sign of cyclic imide formation (see Figure 3,
panel B). These results may also indicate that the boiling

DOI: 10.1021/acs.bioconjchem.9b00008
Bioconjugate Chem. 2019, 30, 871-880


http://dx.doi.org/10.1021/acs.bioconjchem.9b00008

Bioconjugate Chemistry

a o © NN

1 1 1 1 -
A.PIMA ! ! ! :

: i R
B. Hydrolyzed PIMA _/]\_ A L

1 1 1
C. o-LA-PIMA-PEG * b K *

S B

D. c-LA-PIMA-PEG
!
E. c-PIMA-PEG

<4
@
= "L______

§ S R -

15.0 14.0 13.0 12.0 11.0 10.0 7.0 6.

ppm
F * %
ppm

o
o

(o]
H
15N—1H HSQC Ao
1004
A
[]
.......... J
1104
&
L
120
0
1304
H
JKN_,
|
| ] L L L) T T L L
15 14 13 12 1 10 9 8 7 ppm
G * %
[ e e, T R ST \L]’ \J\N_.__
13 1 Q
C—'H HSQC )KO/H
504 A
__________ J 4
100 -
e - ',
150 (0]
H .
JJ\N\/
|
T 1 1 L L] L] L] L]
15 14 13 12 1 10 9 8 7  ppm

Figure 5. "H NMR spectra of (A) PIMA precursor; (B) hydrolyzed PIMA; (C) 0-LA-PIMA-PEG; (D) c-LA-PIMA-PEG; and (E) c-PIMA-PEG.
(F) 2-D BC—'H HSQC spectrum collected from o-LA-PIMA-PEG. (G) 2-D *N—'H HSQC spectrum of 0-LA-PIMA-PEG. Spectra were
collected in DMSO-dj solutions. The sharp peak at 8.0 ppm (*) measured in spectrum C is ascribed to DMF. The peaks at 6.6 and 6.8 ppm (*) in
profiles B, C, and D are from trace amounts of impurities containing conjugated structures (i.e, butylated hydroxytoluene, BHT). The 'H
signatures (*) at 8.6 ppm in profile B and at 8.3 ppm in profile C cannot be assigned.

temperatures of CHCl; or CH,Cl, are not high enough to h, red profile). The spectra also show that the carboxyl C=0
promote the intramolecular condensation of 0-LA-PIMA-PEG. stretching band shifted from 1720 to 1725 cm™!, which can be
Note the presence of a small peak at 1769 cm™ measured in attributed to the formation of ester carbonyl groups between
both solvents is attributed to the presence of a few
reconstituted anhydride rings, as discussed above.

However, heating the starting compound (o-LA-PIMA-
PEG) in methanol yielded slightly different materials. Figure 3
panel C shows that refluxing the solution (at 64 °C) for 48 h
resulted in the appearance of a C=0 band at 1695 cm™" in the

carboxylic acids and solvent molecules. These changes indicate
that a slow, though partial, transformation via an esterification
step to cyclic imides along the chain takes place when o-LA-
PIMA-PEG is heated in methanol (see below discussion and
schematics in Figure 4). Nonetheless, a full substitution is not

FT-IR spectrum (anticipated for c-LA-PIMA-PEG). Further- achieved even after refluxing for 96 h, in agreement with the
more, the peak intensity increased for longer refluxing time (96 data collected in DMF (see panel A).
876 DOI: 10.1021/acs.bioconjchem.9b00008
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The effects of heating the starting compound in methanol
can further be enhanced in the presence of SOCI,. Indeed,
thionyl chloride has been reported to react with certain solvent
molecules. For instance, it reacts with alcohols (RCH,OH, R =
H, CHj, or alkyl chain) to yield alkyl chlorides (RCH,Cl), or
with carboxylic acids (R-COOH) to produce acyl (or acid)
chlorides (R-COCI).” To test this, 1.5 equiv of SOCL, with
respect to the molar concentration of —COOH (in o-LA-
PIMA-PEG) was added to the methanol or chloroform
solution, and the reaction was further refluxed for 2 h. Figure
3 panel D shows that the final product obtained from heating
the reaction mixture in methanol solution has an intense and
well-defined signature at 1695 cm™}, ascribed to the
asymmetric C=0 mode in the cyclic imide, combined with
weakening of the C=O signature at ~1720 cm™' (brown
spectrum). Conversely, addition of SOCI, to a solution of o-
LA-PIMA-PEG in CHCI, yielded a weak signal at 1695 cm™
(in the dark blue spectrum), indicating the formation of a
rather small fraction of cyclic imides; this feature was not
measured in the absence of thionyl chloride (see panel B).

The formation of cyclic imides in methanol solution
(requiring more than 48 h, see panel C) can be attributed to
esterification of the carboxyl by methanol, which is facilitated
by the presence of several carboxyl protons along the polymer
chain. This esterification allows the amide (a weak
nucleophile) to react with the proximal ester group, ultimately
leading to the formation of closed ring structure (see
schematics in Figure 4). Conversely, adding SOCl, to a
solution of 0-LA-PIMA-PEG in methanol rapidly forms methyl
chloride, an intermediate substrate that can promote
esterification of the carboxyl along the chain (to form
—COOCH;). This in turn accelerates the imidization reaction
(as depicted in Figure 4). The addition of SOCI, to o-LA-
PIMA-PEG in CHC;, in comparison, promotes the formation
of acid chloride along the polymer backbone,*® which favors
imidization reaction since —Cl is a better leaving group than
—OH (Figure 4). Nonetheless, the rather inefficient ring
closing observed for the reaction in CHCIl; is caused by
absence of any catalytic amount of base.”® Further details on
the reaction of methanol with thionyl chloride to produce
methyl chloride and the formation of acid chloride in CHCl;
are provided in the Supporting Information (Figure S2).

NMR Characterization of the Polymer Compounds.
The FT-IR data have been complemented with additional
characterization using '"H NMR spectroscopy. In particular, we
were interested in verifying whether the presence of amide and
carboxy (labile) protons in the compounds with open ring
structure (e.g, 0-LA-PIMA-PEG) is unequivocal or not.
Simultaneously, we wanted to show that those protons are
conspicuously absent from the compounds with close ring
structure. For this, '"H NMR spectra were collected from
solutions of all the compounds in DMSO-d. In addition, 2-D
heteronuclear single quantum coherence (HSQC, 'H—"*C and
'"H—'"N) measurements were limited to o-LA-PIMA-PEG
ligand, as this compound is expected to contain labile protons,
while the closed ring structure compound is not. We note that
the protons associated with carboxylic acid (—OH) or amide
bond (—NH-) produce chemical shifts § > 6 ppm, while the
carbon-attached protons (methyl, methylene, and methine in
the PIMA, LA, and PEG) have chemical shifts § < 6 ppm; a full
range spectrum collected from o-LA-PIMA-PEG is shown in
Figure S3. Details on the peak assignments (§ < 6 ppm) and
integration values are provided in the Supporting Information.
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The spectra shown in Figure SA—E indicate that the
multipeak signature at 7.2 ppm measured for the PIMA
precursor is also present in the spectra collected from each
compound prepared and tested. This signature is not
attributed to any of the expected protons in the polymer. It
can be ascribed to the terminal benzene ring protons generated
from benzoyl peroxide initiator used in the synthesis of PIMA,
and will serve as a reference.”” A few salient features in the
spectra shown in Figure SA—E can be noted. (a) The peak at
12.3 ppm is ascribed to the —COOH protons; this signature is
more pronounced in the hydrolyzed PIMA than in o-LA-
PIMA-PEG, given the larger number of carboxyl groups per
polymer generated following hydrolysis (compare profiles
Figure 5B and C).>** (b) There are two types of amide
protons present in the modified polymer compounds. One is
present in the LA-NH, precursor and the other is formed
during the addition reaction between the anhydride rings and
amine-R (see Figure 1). The proton signatures generated from
these groups are assigned based on three observations: (1) The
spectrum collected from c-LA-PIMA-PEG shows only a peak
at 7.9 ppm, which is ascribed to the amide group already
present in the LA-NH, precursor (Figure SD).24 (2) However,
the spectrum measured from o-LA-PIMA-PEG has two types
of amide proton signatures, one at ~7.9 ppm ascribed to the
pre-existing amide bond in LA groups and the other at 8.7 ppm
corresponding to the newly formed bonds linking the LA/PEG
blocks to the backbone during the ring opening trans-
formation. The latter signature is conspicuously absent from
the c-LA-PIMA-PEG spectrum (see profile Figure SD), which
confirms the cyclic imide formation for reactions carried out
under high temperature conditions. Additionally, the 'H NMR
spectrum collected from the c-PIMA-PEG (no LA) shows that
the proton signals from —CONH- and —COOH are
essentially negligible, confirming a closed ring structure (Figure
SE).

The above findings are supported by the information
extracted from the HSQC data. The presence of two cross-
peaks in Figure SF confirms that the two amide protons at 8.7
and 7.9 ppm, measured for 0-LA-PIMA-PEG (profile Figure
SC), are indeed associated with nitrogen in the “N—'H
HSQC spectrum. Additionally, the nitrogen signal correspond-
ing to the proton at 8.7 ppm is rather weak, a property that can
be attributed to the slow exchange rate of proton on nitrogen
with the carboxyl proton in its close proximity; such a result is
common for amide groups.”” The 2-D *C—'H HSQC
spectrum collected from o0-LA-PIMA-PEG shows that the
above-mentioned protons, with = 12.3, 8.7, and 7.8 ppm, are
not associated with any carbon atoms (Figure SG), and must
emanate from the O—H and N—H groups instead, as assigned
above. Nonetheless, the broad proton signature centered at
13.8 ppm measured for o-LA-PIMA-PEG (profile Figure SC)
is not associated with nitrogen or carbon, as shown in the two
HSQC spectra; we rather ascribe this broad resonance to
protons involved in intramolecular hydrogen bonding.*>*' We
should note that the 2-D spectrum in Figure SG shows
signatures at (6.8, 125) ppm and at (6.6, 130) ppm, which can
be ascribed to impurities containing conjugated structures. In
particular, butylated hydroxytoluene (BHT) which has 'H and
13C signatures at the above shifts is commonly found in organic
solvents as a stabilizer.”” BHT impurities may be the source for
these signatures measured for our compounds. Nonetheless,
the signature at (6.6S, 70) ppm cannot be identified.
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Gel Electrophoresis Experiments. Gel electrophoresis
measurements exploit the availability of net charges in the
probed specimen (e.g., a protein or a colloidal nanoparticle) to
promote a displacement/migration of the materials across the
gel pores under applied voltage. In the present case, such a
measurement is well suited for differentiating between the two
polymer transformations discussed above. A ring opening
transformation would yield a polymer that presents several
carboxyl groups, thus a net negative charge that can produce a
sizable mobility shift of the ligand either alone or ligated onto
the QDs, toward the anode. Conversely, a complete trans-
formation involving substitution or ring closing reaction would,
in principle, provide a neutral compound that should not
exhibit a mobility shift. This hypothesis was tested using three
configurations. In the first, a Texas Red dye-labeled polymer
(o-TXR-PIMA-PEG) was prepared by reacting PIMA with
H,N—PEG and H,N—TXR (under mild conditions, in DMF
at 40 °C). In the second, 0-LA-PIMA-PEG prepared under
mild heating conditions was photoligated onto luminescent
CdSe-ZnS QDs. The resulting solutions/dispersions were
loaded onto an agarose gel and run for 30 min (see Supporting
Information for more details). Similar experiments were
carried out using QDs photoligated with c-LA-PIMA-PEG
ligands, prepared using addition reaction carried out at 153 °C.
In both cases, the fluorescence from the QDs or dye was used
to visualize the polymer-coated QDs or TXR-labeled PIMA-
PEG. Figure 6A shows a gel image, acquired under UV

H,N-Texas Red

Figure 6. Agarose gel electrophoresis images collected (under
fluorescence mode) from (A) free H,N-Texas Red dye and o-TXR-
PIMA-PEG prepared by reacting a H,N-PEG-OCH; and H,N-Texas
Red with PIMA under mild conditions. (B) QDs photoligated with o-
LA-PIMA-PEG (prepared under mild conditions), or with c-LA-
PIMA-PEG (prepared in DMF under refluxing conditions). The
dashed white lines designate the loading wells. The gels were run at
7.0 V/cm for 30 min (A) and at 6.5 V/cm for 30 min (B). The
differences in the band PL intensities shown in both images are due to
differences in the TXR or QD concentrations. The dashed rectangle is
added to highlight the of amine-Texas-Red gel band.

excitation, simultaneously loaded with TXR-labeled PIMA-
PEG and H,N-TXR precursor (as control). The image shows
that while the precursor exhibited a mobility toward the
cathode, the o-TXR-PIMA-PEG polymer migrated toward the
anode. This clearly proves that the addition reaction of PIMA
with H,N—-PEG and H,N—TXR mixture produces a net
negative charge, ascribed to the carboxyl groups freed during
the ring opening reaction, combined with consumption (via
acylation) of all the amine groups in the H,N—TXR precursor.
The gel image in Figure 6B shows that QDs photoligated with
0-LA-PIMA-PEG produced materials with a pronounced
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mobility toward the anode, indicating that these QDs present
several carboxyl groups; these were generated along the
polymer chain during the addition reaction. This agrees well
with the data shown for o-TXR-PIMA-PEG above. However,
the image also shows that the dispersion of QDs photoligated
with ¢-LA-PIMA-PEG also migrated toward the anode, albeit
with a smaller mobility shift than that measured for the o-LA-
PIMA-PEG-QDs. The smaller yet sizable mobility shift
measured for ¢-LA-PIMA-PEG-QDs implies that the ligands
on the QDs present several carboxylate groups, presumably a
larger number than those measured in the c-LA-PIMA-PEG
ligand prepared at high temperature (shown in the FT-IR data,
Figure 2). The gel image in Figure 6B thus suggests that
additional carboxyl groups may have been generated during the
photoligation and phase transfer to buffer media, e.g., the
running buffer, due to hydrolysis of the cyclic imides. Note that
hydrolysis of cyclic imides in polymer materials under alkaline
conditions has been reported by a few groups.’**

Overall, combining the FT-IR, NMR, and gel electro-
phoresis data allows us to conclude that addition reaction
carried out under mild conditions produces polymers featuring
labile protons such as —COOH and —CONH—, while a cyclic
imide transformation is favored under high temperatures or in
the presence of SOCI,. Nonetheless, our data also show that
reaction carried out in methanol solution under refluxing
conditions and for an extended period of time can increase the
degree of imidization.

Finally, we would like to note that differences in the polymer
transformations accompanying the addition (or substitution)
reaction also manifest in the optical properties of the resulting
compounds. For instance, we found that polymers presenting a
closed ring structure (c-X) exhibit blue fluorescence emission.
In contrast, compounds with open structure (o0-X) have
essentially negligible fluorescence.”*® The emission from c-X
is visible under UV excitation using a hand-held UV lamp (see
Figure 7A inset). Figure 7A also shows that the water solutions
of ¢-PIMA-PEG and c-LA-PIMA-PEG exhibit broad photo-
luminescence profiles, with a maximum at ~438—444 nm,
while emission from o-LA-PIMA-PEG is negligible. We should
note that the PL profile collected from QDs photoligated with
c-LA-PIMA-PEG solution exhibits a small shoulder at ~445
nm, which emanates from the ligand contribution (see
Supporting Information, Figure S4). This shoulder has not
been measured for dispersions of QDs ligated with the o-LA-
PIMA-PEG.® The absorption and excitation profiles collected
from those polymers also show slight differences associated
with their chemical structures (Figure 7B). In particular, the
spectra collected from c-PIMA-PEG and c-LA-PIMA-PEG
(red and blue curves) have a broad absorption peak at 294 nm,
attributed to the presence of cyclic imides.”” In comparison,
the compounds o-LA-PIMA-PEG (green curve) does not
exhibit the feature at 294 nm, indicating the absence of cyclic
imide structures. In addition, the spectra collected from c-LA-
PIMA-PEG and o-LA-PIMA-PEG (blue and green curves)
exhibit a broad band at 324 nm ascribed to the dithiolane ring
(in the oxidized lipoic acid).”*** Finally, additional excitation
spectra were collected from PIMA, c-LA-PIMA-PEG, and o-
LA-PIMA-PEG. The spectra show a broad excitation peak at
294 nm for the compounds containing imide rings in their
structures (Figure SS).
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Figure 7. (A) Photoluminescence (PL) spectra of 0-LA-PIMA-PEG (green), c-PIMA-PEG (red), and c-LA-PIMA-PEG (blue) in water solutions,
excited at 350 nm; concentration =~ 2.5 mg/mL; a fluorescent image of the samples under a hand-held UV lamp is shown in the inset. (B)
Absorption spectra collected from the same three polymer solutions, with a white light image of the solutions shown in the inset.

B CONCLUSION

The addition reaction between poly(maleic anhydride)-based
polymers and H,N—R nucleophiles has gained interest
recently; it has been used for preparing various multifunctional
polymers. We have combined several characterization
techniques to probe the nature of the transformation that
occurs during the reaction between poly(isobutylene-alt-maleic
anhydride) and H,N—R (R = lipoic acid and/or PEG block) to
prepare hydrophilic coordinating polymers. Our results show
that under mild reaction conditions (in DMF at 65 °C) the
reaction proceeds via ring opening transformation, yielding a o-
LA-PIMA-PEG compound with amide-bound lateral groups.
Conversely, a substitution reaction leading to the insertion of
lateral R groups linked via cyclic imide rings occurs under
higher temperature conditions (refluxing in DMF). We also
found that refluxing in methanol or/and addition of SOCL, can
promote an imidization reaction (albeit partial) of pre-
synthesized 0-LA-PIMA-PEG ligand. The characteristic
carbonyl signal from the anhydride rings, carboxylate groups,
amide bonds, and cyclic imides are systematically identified
using a combination of FT-IR and 'H NMR spectroscopy
measurements. Gel electrophoresis experiments were further
exploited to correlate the presence of carboxyl groups with
mobility shifts of QDs photoligated with the modified PIMA
polymers or TXR-labeled PIMA-PEG. Given the increased
interest of nanomaterial surface functionalization, we believe
that multifunctional coordinating polymer ligands prepared
through the addition reaction between polymers containing the
succinic anhydride motif (e.g, PIMA) and H,N—R nucleo-
philes, carried out under either set of conditions, will find
increasing use in developing biocompatible nanomaterials for
applications in biotechnology and medicine.
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