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ABSTRACT: Isothermal titration calorimetry (ITC) was introduced as a highly sensitive tool to analyze
interactions in polymer and material science by their thermodynamic patterns. The thermodynamic
parameters AH, AS, AG, Kg, and the stoichiometric ratio of the interactions in a complex organic—inorganic
hybrid system were determined in a single experiment. In particular, the adsorption behavior of surface-active
amphiphilic copolymers, bearing different types of anchor groups (nonionic, zwitterionic, and acidic), with
SiO, nanoparticles in a multicomponent solvent system was investigated. The knowledge of the thermo-
dynamic parameters of the interaction provided, beside its strength, a detailed understanding of its
mechanism. Particularly, for the production of the nanocomposites, this knowledge might lead to a more

rational and optimized design of these materials.

Introduction

Isothermal titration calorimetry (ITC) has recently evolved
from an expert technology to a major, commercially available
tool, allowing the analysis and interpretation of molecular inter-
actions in biological systems." This method is based on the
repetitive addition of a solution of one of the interacting mole-
cules (ligand, L), via automated injection at constant tempera-
ture, into a cell containing a solution of the second molecule
(macromolecule, M). By measuring the release (exothermic
reaction) or the absorption (endothermic reaction) of heat due
to the formation of a complex (ML), the interaction between the
components is quantified.” ITC has gained much attention for
studying different kinds of binding events in biochemical
processes on the basis of their thermodynamic parameters.
Host—guest interaction of protein—protein,® small molecule/
drug—protein,* DNA—drug interactions,” and enzyme kinetics
or anﬁtibody activity have already been successfully examined by
ITC.

To investigate the intermolecular interactions and their bind-
ing equilibria, ITC competes with several already established
methods, for instance fluorescence, UV/vis’ and NMR®? spec-
troscopy, surface plasmon resonance (SPR),'’ and analytical
ultracentrifugation (AUC)'" (Table 1). However, all these tech-
niques have certain drawbacks, such as the requirement of large
quantities of the samples, the necessity to introduce labels, or long
measurement times. In contrast, ITC offers a fast calorimetric
response and thermal equilibration combined with a simple
sample preparation.'”> The most important features of ITC
include the determination of the entire thermodynamic profile
(AH, AS, AG, Kg, and the stoichiometry 7) of an interaction in
only one experiment. Since ITC is less common in polymer and
material science,'® a comparison of the strengths and weaknesses
of comparable methods, as given in Table 1, seems appropriate.

In polymer and material science, interactions between various
components play a decisive role, as for example in the formation
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of org%anic—inorganic hybrid systems, adsorbates,'” and mi-
celles.” Therefore, the use of ITC is herein extended from its
original utilization in biological system into this direction. To
demonstrate the applicability of ITC in materials sciences, the
surface modification of inorganic particles as this is a key step in
the production of organic—inorganic hybrid systems have been
chosen. This process is mainly based on a noncovalent adsorption
of amphiphilic compounds (e.g., surfactants, amphiphilic
copolymers) on the surface of an inorganic material."” A very
important parameter thereby is the strength and irreversibility of
the adsorption of the surface active compound on the inorganic
material. For example, processing of these hybrid materials by
extrusion (a major technique to manipulate hybrid materials)
exerts a tremendous external shear force, which might cause the
surface active compound to desorb from the inorganic material. >
Such a behavior destabilizes the particles in the polymeric matrix
and results in aggregates. While investigations of this adsorption
process have already been performed by using common batch or
flow reaction calorimeters, but yielding only AH by a complex
data evaluation,”' "2 ITC is capable to determine several other
important thermodynamic parameters (AH, AS, Kg, AG, stoi-
chiometric ratio) by a single experiment. These values provide
quantification and detailed understanding of the adsorption
process of surface-active molecules onto inorganic particles. In
this way, a direct correlation between the adsorption strength and
structure of the surface active compounds could be achieved.
Above all, knowledge of the adsorption mechanism in combina-
tion with the structure provided by ITC should facilitate a more
rational design into the mainly empirically based production and
optimization of nanocomposites.

This versatility of ITC is demonstrated by investigating the
interaction of SiO, nanoparticles with surface-active amphiphilic
copolymers consisting of 2-ethylhexyl methacrylate (EHMA) as
the hydrophobic part and poly(ethylene oxide) methacrylate
(PEOMA),  4-vinyl-1-(3-sulforopyl)pyridinium  inner  salt
(4VPSB), and (ethylene glycol) methacrylate phosphate
(EGMP) in a multicomponent solvent system (Figure 1).?” Here-
by, PEOMA was chosen as a representative of the class of
nonionic anchor groups, 4VPSB as zwitterionic anchor group,
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Table 1. Standard Techniques for the Determination of Binding Constants
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Figure 1. Chemical structure and molar mass of the monomers and amphiphilic copolymers used in this study.

and EGMP as an acidic anchor group. SiO, was selected as the
inorganic material due to its enormous relevance in the area of
nanocomposites as impact modifiers and as additive to improve
scratch resistance.?®

Experimental Section

Materials and Methods. 2-Ethylhexyl methacrylate (EHMA),
poly(ethylene oxide) methacrylate (PEOMA"™>?), 4-vinylpyr-
idine (4VP), (ethylene glycol) methacrylate phosphate (EGMP),
1,3-propane sultone, 2-ethyl-1-hexanol, isobutyryl chloride, and
hexaethylene glycol were purchased from Aldrich and used as
received. Methacryloyl chloride was obtained from Fluka. SiO,
nanoparticles, with an average diameter of ~10 nm, were
donated as a 30 wt % aqueous dispersion from Merck KGaA.
2-Ethylhexyl isobutyrate (EHIB) and poly(ethylene oxide) iso-
butyrate (PEOIB) were prepared from methacryloyl chloride
and 2-ethyl-1-hexanol and hexaethylene glycol, respectively.
Therefore, 2-ethyl-1-hexanol/hexaethylene glycol (25 mmol)
was dissolved in 80 mL of dichloromethane and triethylamine
(25 mmol) was added. The mixture was cooled to 0 °C, and
isobutyryl chloride (26 mmol), dissolved in 20 mL of dichloro-
methane, was slowly added over a period of 30 min. After

stirring for 24 h, the formed white precipitate was filtered off.
The resulting solution was washed twice with 25 mL of brine and
twice with 10 wt % aqueous solution of sodium hydrogen
carbonate. After drying the extract with anhydrous sodium
sulfate, colorless oil remained (75% yield). 1-(3-Sulfopropyl)-
4-vinylpyridinium betaine (4VPSB) was pre]gared according to
the described procedure in the literature.”” The amphiphilic
copolymers PEHMA-co-PPEOMA™®, PEHMA-co-PEGMP,
and PEHMA-co-P4VPSB were prepared by free radical polym-
erization of EHMA and PEOMA™™®, EGMP, and 4VPSB,
respectively, as described in the literature (molar ratio of
EHMA:PEOMA™ = 85:15, EHMA:PEGMP = 88:12, and
EHMA: PAVPSB = 85:15).%

Description of the ITC Titration Experiment. Sample Pre-
paration. The ITC instrument used was a VP-ITC microcalori-
meter (Microcal, Inc., Northampton, MA), which operated at
constant temperature of 298 K. To carry out a binding experi-
ment, the inorganic nanoparticle solution (55.6 uL of an aqu-
eous SiO, dispersion (30 wt % in H,O) in 1.5 mL of 1,4-dioxane,
0.5 mL of ethanol) was placed in the sample cell and
the reference cell filled with the solvent mixture (1.5 mL of
1.4-dioxane, 0.5 mL of ethanol, and 46.8 uL of H,O). Both cells
were mounted in an adiabatic chamber, whose temperature was
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Figure 2. (A) Schematic illustration of the ITC instrument, showing the two cells (sample and reference) surrounded by the thermostatic jacket, the
injection syringe that also acts as stirring device. (B) Experimental curve for the titration of a 278 mM solution of poly(ethylene oxide) methacrylate
(PEOMA"™3) in 1 4-dioxane/ethanol/H,O into a dispersion of SiO, (10 mg mL™") in the same solvent at 298 K; the upper panel shows the thermal
power (dQ/dr) obtained during the injection. The lower panel illustrates the titration curve, which is obtained by the integration of the peaks from the
upper panel, together with a line of best fit, to estimate AH, AG, K, and the stoichiometry n.

kept constant during the measurement. A long-needle syringe
(nominal volume 250 uL), with a twisted paddle fastened to its
end, was filled with the solution of the organic compound
(EHIB, PEOIB, EHMA, PEOMA™®, PEOMA™™’, HEMA,
PPOMA"™3, 4VPSB, EGMP, and the copolymers PEHMA-co-
PPEOMA"™™®, PEHMA-co-P4VPSB, and PEHMA -co-PEGMP)
in7.5mL of 1,4-dioxane, 2.5 mL of ethanol, and 233.8 uL of H,O.
The syringe was placed inside the sample cell, and the entire
syringe assembly was rotated continuously to provide proper
mixing of the content of the sample cell within a few seconds after
an injection (Figure 2A).%!

ITC Measurement. After reaching the thermal equilibrium,
the injection of the ligand (copolymer) was automatically con-
ducted stepwise until the surface of the SiO, was saturated with
the ligand. The first injection was set to very small volume of
1.5uL (due to the possible dilution during the equilibration time
preceding the measurement and then the first injection was
ignored in the analysis of data)®’ and was followed by
27 injections of 10 L each. The chosen time interval between
two consecutive injections was 300 s in order to ensure that the
thermodynamic equilibrium was reached prior to the next
injection. To illustrate the ITC experiment, a characteristic
output of an ITC thermogram was depicted in Figure 2B,
showing the titration of a 278 mM solution of poly(ethylene
oxide) methacrylate (PEOMA™™) in 1,4-dioxane/ethanol/H,O
into a dispersion of SiO, (10 mg mL ™) in the same solvent at 298
K. The upper section of Figure 2B represents the raw data as
supplied by the instrument and the progression of the experi-
ment in time. The peaks corresponded to the individual aliquots
of added macromolecule solution, and the current applied for
the compensation of the reaction heat was plotted in energy
units against time. The lower part of Figure 2B showed the
titration curve, resulting from the integration of the individual
peaks and plotted as AH in kcal/mol against the molar ratio
macromolecule/SiO,.

Dilution Experiment. In order to subtract the influence of the
enthalpy of dissolving the ligand, a dilution experiment was
conducted. In this experiment the ligand was injected into the

sample cell, containing only the solvent mixture. The released/
absorbed heat caused by the solvent enthalpy was subtracted
from the data obtained from the titration of the SiO, nanopar-
ticles with the monomers or copolymers (Figure 3). After this
subtraction, the normalized heat was plotted against the molar
ratio of the polymer versus the inorganic particle.

Data Analysis. The data analysis was performed using the
ORIGIN 7.0 based software. The thermodynamic parameters
(Kg, AH) were estimated as adjustable parameters in the fitting
procedure: one set of sites and two set of sites, to the experi-
mental data using a nonlinear least-squares approach
(Levenberg—Marquardt algorithm).**** For a ligand L binding
to a single set of n identical sites on a host molecule M, i.e.

M+L =ML
ML+L = ML,

ML,_;+L = ML,

where the single-site binding constant was'>**

ML]

Ky =
[M][L]

(1)

The total concentration of the macromolecule [M ] was the sum
of concentration of the free macromolecule [M] plus the one of
the formed complex [ML], and the total concentration of the
ligand [Ly] was the sum of the free ligand [L] plus the one of the
formed complex [ML]:

[M7] = [M]+[ML] (2)

[Lr] = [L+[ML] 3)
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Figure 3. Binding isotherms for the titration of 55 mM solution of (A) EHMA and (B) PEOMA™ in 1 4-dioxane/ethanol/H,O into a dispersion of

Si0, (10 mg mL™") in the same solvent at 298 K.
From these relations resulted that
M] = [Mg]=[ML] and [L] = [L]—[ML] (4)

From eqs 3, 4, and 1, K was evaluated to

B [ML]
Ko = (T =ML (Mo —[ML]) ©)
and
AG = RT In Ky = AH —TAS (6)

where AG, AH, and AS were the free energy, enthalpy, and
entropy change for single site binding. In addition to the direct
measurement of AH and the calculation of Kp, the inflection
point of the binding isotherm (Figure 2B) allowed for the
determination of the stoichiometry of the complex n (the ratio
of the copolymer to the inorganic nanoparticle in the complex
ML, at equilibrium).

Results and Discussion

The interactions of SiO, nanoparticles with the hydrophobic
monomer EHMA, the hydrophilic monomers PEOMA (with 5
and 9 ethylene oxide units, PEOMA"~*/PEOMA"~?), 2-hydro-
xyethyl methacrylate (HEMA), poly(propylene oxide)metha-
crylate (PPOMA™), 4VPSB as well as EGMP, and the copoly-
mers PEHMA-co-PPEOMA™>, PEHMA-co-P4VPSB, and
PEHMA-co-PEGMP were investigated (Figure 1, Table 1). To
render such systems applicable for the ITC measurements,
appropriate solvent mixtures, which dissolve the surface-active
copolymers and disperse the SiO, nanoparticles, had to be
identified. These solvent mixtures were important to exclude all
heat of solvent mixing during the injections, which would
influence the measurements in an uncontrolled manner.>® A
mixture of 1,4-dioxane, ethanol, and water was chosen, since
this solvent mixture guaranteed good solubility of the amphiphi-
lic copolymers and suppressed the formation of aggregates of the
inorganic particles during the measurements (the stability of the
dispersion of the SiO, nanoparticles in the chosen solvent
mixture had been investigated by dynamic light scattering).

The surface-active compounds (EHMA, PEOMA™, HEMA,
PPOMA™, 4VPSB, EGMP, PEHMA-co-PPEOMA™ PEH-
MA-co-P4VPSB, and PEHMA-co-PEGMP) were slowly injected
into the silica dispersion, and the resulting heat of interaction
was determined. In the first step, the interactions of the
inorganic particles with the monomers EHMA, PEOMA"™™>,
HEMA, and PPOMA™ were analyzed, in order to obtain a
better understanding of their role and influence during the
interaction. In the second step, the adsorption of the amphi-
philic copolymer PEHMA-co-PPEOMA"* on the surface of
the SiO, particles was explored. Moreover, the copolymers
PEHMA-co-P4VPSB and PEHMA-co-PEGMP as well as their
corresponding hydrophilic parts 4VPSB and EGMP were
applied in an analogous manner to detect the impact of different
classes of anchor groups (nonionic versus zwitterionic or acidic)
on their adsorption behavior (Table 1). To ensure reproduci-
bility and to increase the accuracy of the results, every experi-
ment was repeated at least three times under the same
conditions. To illustrate the potential of the ITC as a novel tool
to examine organic—inorganic hybrid materials, the measure-
ments of the ITC experiments for EHMA, PEOMA™, and
PEHMA-co-PPEOMA”™ will be discussed in greater detail. As
all other experiments were performed in a similar way only the
decisive values will be given.

Interaction of the Low Molecular Weight Model Com-
pounds with SiO,. Interaction of EHMA with the SiO;
Nanoparticles. In a first series of experiments, EHMA was
applied as a model compound to monitor the influence of the
hydrophobic part of the copolymers on the adsorption
process. Figure 3A shows the ITC curve for the titration of
55 mM solution of EHMA in 1,4-dioxane/ethanol/H,O into
a dispersion of SiO, (10 mg mL™") in the same solvent
at 298 K. The observed peaks suggested an endothermic
process by each injection. Evaluation of this data by inte-
gration followed a nonlinear least-squares approach
(Levenberg—Marquardt algorithm)**** which leads to an
entropically driven interaction with both positive entropy
and positive enthalpy (Table 2). Such a thermodynamic
profile, positive AH and AS, is usually characteristic for
hydrophobic interactions.>> 3’ In general, AH primarily
reflects the strength of the noncovalent interactions between
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Table 2. Thermodynamic Parameters Obtained by the ITC Measurements of the Studied Surface-Active Compounds with SiO, Nanoparticles in a
Mixture of 1,4-Dioxane, Ethanol, and H,O at 298 K

surface-active compound Ky (mol L1 AH (kcal mol™") TAS (kcal mol ™) AG (kcal mol™!)
EHIB“ 1.10 x 107 4+ 4.30 x 10° 0.25+0.18 10.19 —9.94
1.00 x 10° + 1.50 x 10* 63.46 £2.70 70.36 —6.88
PEOIB® 3.87 x 10* £ 1.33 x 10* —13.60+£9.99 -7.33 —6.25
EHMA“ 1.90 x 107 4 3.00 x 10° 0.0440.01 9.98 -9.94
5.70 x 10 £ 6.20 x 103 25.50+1.43 31.90 —6.40
PEOMA"~>¢ 6.10 x 10* £ 6.50 x 10° —25.134+4.23 —18.60 —6.53
HEMA?® 8.26 x 10* £ 2.27 x 10* —0.1940.04 6.49 —8.20
PEOMA"~3? 6.35 x 10° £ 0.04 x 10° —43.5040.20 —38.16 —5.34
PEOMA"™" 1.15 x 10° &+ 2.03 x 10* —69.8740.54 —62.90 —6.97
PPOMA™>* 1.58 x 10° +0.92 x 10* —0.05+£0.007 7.04 —6.98
4VPSB* 1.74 x 10° £+ 3.05 x 10* —27.57+£2.24 —20.42 —~7.14
EGMP* 433 x 10* +2.35 x 10° —39.85+0.8 —33.39 —6.46
PEHMA-co-PPEOMA"~? 2.50 x 10° & 4.40 x 10* —10.01+0.53 -2.77 —-7.33
PEHMA-co-P4VPSB 570 x 10° +£3.29 x 10° —8.7740.20 -0.92 —7.86
PEHMA-co-PEGMP 4.78 x 10° + 0.00 —10.26+£0.16 —2.51 —-7.75

“Concentration of the hydrophilic monomer = 55 mM. ® Concentration of the hydrophilic monomer = 278 mM.

the monomers/copolymer and the surface of the SiO,
nanoparticles (e.g., van der Waals, hydrogen bonds, etc.)
relative to those existing within the solvent.*®3? As a result
of the obtained values of AH for the titration of SiO, with
EHMA, no interaction of EHMA with the particle surface
occurred. The positive value of AS could be attributed to a
collapse of the so-called “iceberg structure”,*® which was
caused by water molecules surrounding the hydrophobic
chain of EHMA forming rigid, ice-like assemblies, resem-
bling icebergs. At the same time solvent molecules were
transferred from the solvation shell of EHMA to the bulk,
which also represented an entropy increasing process.*'**
The ITC curve in Figure 3A clearly indicates a complex
adsorption behavior, since the fitting of these curves
revealed that two hydrophobic processes occurred during
the titration.

Interaction of PEOMA, HEMA, and PPOMA with the
SiO, Nanoparticles. The monomers PEOMA, HEMA, and
PPOMA were investigated in a similar manner to EHMA. In
detail, the binding isotherm of the interaction of a 55 mM
solution of PEOMA™™ in 1,4-dioxane/ethanol/H,O into a
dispersion of SiO, (10 mg mL ") in the same solvent at 298 K
is presented in Figure 3B. A clear exothermic effect for each
titration step was observed. This behavior was attributed to a
direct interaction between the PEO chain and the hydroxyl
groups on the SiO, surface.’®**** In this case, the binding
enthalpy was found to be negative (—25.13 kcal mol™ ') and
compensated by a very negative AS value (—18.60 kcal
mol~ !, Figure 5 and Table 2). The obtained binding constant
Kg (6.1 x 10* M~ ") corresponded to a moderate interaction
affinity of this monomer with the surface of the SiO,
nanoparticles. The dominant negative enthalpy suggested
the presence of a large number of van der Waals interactions
or hydrogen bonds between the monomer PEOMA and the
SiO, particles.*** AS mainly reflected two contributions
concerning the order of the system: changes in solvation
entropy and changes in conformational entropy. The change
in the solvation entropy occurred during the adsorption
process, when the oxygen atom of the EO groups released
the associated solvent molecules before interacting with the
nanoparticle surface. This process yielded a positive change
in entropy. At the same time, the adsorption of PEOMA
onto the SiO, nanoparticles resulted in the loss of the
translational and conformational freedom, which caused a
negative change in conformational entropy.*®*” Since the
overall entropy detected by ITC was negative, the highest
impact on this term was represented by the change in the
conformational freedom.

Time (min)
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Heat flow, pcal/sec

PEHMA-co-PPEOMA

Heat per injection, kcal/mole
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Figure 4. Binding isotherms for the titration of a 55 mM solution of
PEHMA-co-PPEOMA"™ in 1,4-dioxane/ethanol/H,O into a disper-
sion of SiO, (10 mg mL™") in the same solvent at 298 K.

Comparing the thermodynamic parameters for the inter-
action of HEMA, PEOMA”™, and PEOMA™”, the results
indicated that in case of HEMA almost no interaction
(AH = —0.19 kcal mol™') with the SiO, surface was
detected, whereas the strength of the interaction increased
with the number of EO units, from PEOMA™> (AH =
—43.50 kcal mol™') to PEOMA™’ (AH = —69.87 kcal
mol™"). This was due to the increasing number of hydrogen
bonds. The increase showed a concave behavior, which
implied a decreasing interaction per EO unit, suggesting an
upper limit for the number of interacting EO units.

Accessibility of Surface Groups. In addition, if the EO units
were sterically shielded, as in PPOMA"™™ by a CH; group,
the interaction dramatically decreased (AH = —0.05 kcal
mol™"). These results clearly demonstrated that besides a
certain number of interacting groups the accessibility of
these groups was of great importance for the interaction
with the particle surface.

Investigation of Monomers versus Polymers. Because of the
fact that all measurements were conducted with monomers,
yet the corresponding polymers consisted of their saturated
analogues, the influence of the double bond had to be
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Figure 5. Schematic diagram presenting the thermodynamic profiles observed for all applied compounds: (A) concentration of the hydrophilic
monomer = 55 mM; (B) concentration of the hydrophilic monomer = 278 mM.

determined. Hence, the corresponding saturated compounds
EHIB (as the analogue of EHMA) and PEOIB (as the
analogue of PEOMA) were applied in the ITC measure-
ments. These results displayed an almost identical behavior
compared to EHMA and PEOMA, and so, no influence of
the double bond on the adsorption behavior was monitored
(Table 2). Thus, the hydrophilic monomers can be directly
applied in ITC measurements without the need to synthesize
either model compounds or the amphiphilic copolymers.
Interaction of the Amphiphilic Copolymers PEHMA-co-
PPEOMA"™>, PEHMA-co-P4VPSB, and PEHMA-co-
PEGMP with the SiO, Nanoparticles. All the copolymers
PEHMA-co-PPEOMA™ (M, = 11600 g mol~', PDI =
1.5), PEHMA-co-P4VPSB (M, = 20700 g mol™ !, PDI =
1.8), and PEHMA-co-PEGMP (M, = 20900 g mol ',
PDI = 1.9) which were proposed as stabilizers of SiO, were
studied in a similar way as it was described for the low
molecular weight compounds. Exemplarily, the results of the
titration of SiO, particles with the copolymer PEHMA-co-
PPEOMA'™™ are presented in Figure 5 (Table 2). The raw data
obtained from this experiment resembled the one of PEO-
MA" The thermodynamic data exhibited both negative
enthalpy and entropy values, supporting this first impression
(Figure 5). On the basis of a higher binding constant Ky (2.59 x
10> M Y), a stronger interaction was detected between the
copolymer molecules and the surface of the SiO, nanoparticles
compared to PEOMA"™. The measured enthalpy reflected
the changes of noncovalent bond energies during the interac-
tion (i.e., hydrogen bond formation), which was dominated by
hydrophilic forces. Even though the copolymer consisted of 85
mol % EHMA, which showed a strong endothermic adsorp-
tion, the adsorption of the copolymer was exothermic. This
behavior is the result of the several binding sites (PEOMA,
4VPSB, and EGMP groups) present in the copolymer. Similar
to multidentate ligands, these several anchor groups lead to a
strong adsorption on the surface of the particles, contrary to an
estimated adsorption strength obtained by adding up the
binding enthalpies of the corresponding monomers according
to their molar ratios. The adsorption of the monomers
PEOMA, 4VPSB, and EGMP were accompanied by a tre-
mendous negative entropy, rendering this adsorption entropi-
cally unfavorable, whereas in case of the copolymers this is

nearly fully compensated. As a result, the high molecular
weight compounds bear a high entropic advantage over the
low molecular weight compounds.

The copolymers PEHMA-co-P4VPSB and PEHMA-co-
PEGMP were applied to analyze the difference in the
adsorption behavior between a zwitterionic anchor group,
an acidic anchor group, and a nonionic anchor group
(PEHMA-co-PPEOMA"~). The adsorption behavior of
the corresponding hydrophilic monomers EGMP and
4VPSB revealed a similar behavior to that of PEOMA, i.e.,
highly enthalpically favorable and highly entropically un-
favorable (Table 1, Figure 5). The results identified no
significant difference between the zwitterionic anchor group,
the acidic anchor group, and the nonionic anchor group.
However, this statement is only correct, if in the case of the
nonionic anchoring (PEHMA-co-PPEOMA") a sufficient
quantity of bonding sites was present, i.e., an adequate
number of EO units (number of EO = 5). If this is not the
case, as demonstrated for HEMA (number of EO = 0), the
nonionic interactions were drastically weaker than the zwit-
terionic or acidic interactions.

A comparison of all binding experiments performed here-
in pointed to the existence of different mechanisms for the
adsorption processes of the applied compounds. For exam-
ple, the adsorption of the copolymer PEHMA-co-PPEO-
MA"™3 and the hydrophilic segment PEOMA revealed an
exothermic interaction (i.e., enthalpy-driven process), while
in the case of EHMA an endothermic process was found (i.e.,
entropy-driven process). This outcome suggested different
interaction patterns of the monomers as well as the copoly-
mer with the surface of the SiO, particles. On the basis of the
obtained results for PEHMA-co-PPEOMA”™, the copoly-
mer showed a similar adsorption behavior as the hydrophilic
monomer PEOMA™ (Figure 5). This behavior demon-
strated that the hydrophilic side chains of the copolymer
adsorbed on the surface of the particles, whereas the hydro-
phobic side chains, bearing no interaction with the particle
surface, protruded into the solution (Figure 6).

The results for the amphiphilic copolymer PEHMA-co-
PPEOMA demonstrated that its adsorption behavior is
mainly determined by its hydrophilic component and that
the double bond of the corresponding monomers had no
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Figure 6. Schematic representation of the role of the monomers in the copolymer PEHMA-co-PPEOMA™. EHMA imparted hydrophobicity to the
Si0, particles; PEOMA, as the hydrophilic part, provided the interaction of the polymer with the SiO, surface.

obvious influence on the adsorption process. A screening of
potential monomers for their ability to adsorb on the inor-
ganic material is possible, without the need to synthesize the
amphiphilic copolymer. In addition, the results clearly in-
dicated that the adsorption strength of the amphiphilic
copolymer (PEHMA-co-PPEOMA) was higher than the
corresponding low molecular hydrophilic compound PEO-
MA (Table 2). Therefore, particles that carry high molecular
weight compounds should reveal a lower tendency toward
desorption by application of an external force (e.g., by
extrusion) as indicated by the value for K, which is 2 orders
of magnitude higher compared to the low molecular weight
compounds. Furthermore, high molecular weight com-
pounds with multiple binding sites were predominant due
to a significant positive entropic contribution to the adsorp-
tion process, similar to multidentate ligands in chelate com-
plexes. Aside from the pure strength of the interaction of
potential anchor groups, the accessibility of these groups for
the interaction with the particle surface was of great impor-
tance, as demonstrated for PPOMA vs PEOMA. The po-
tential anchor groups were in both cases identical (oxygen of
the EO groups and terminal OH group), but for PPOMA the
EO groups were sterically shielded, making them inaccessible
to form hydrogen bonding with the surface of the particles.
This moderate steric hindrance already leads to a dramatic
decrease of the adsorption strength. The comparison be-
tween the different classes of anchor groups, nonionic vs
zwitterionic vs acidic, resulted in only a slight difference
between the zwitterionic sulfate and acidic phosphate group.
In the case of the nonionic PEOMA anchor group, the
interaction with the SiO, particles insinuated a similar
strength. It must be pointed out that, in contrast to 4VPSB
and EGMP, PEOMA carried more than one binding site (five
EO units and one terminal OH group). In case that only one
binding site (HEMA) was present, the nonionic interaction

was drastically weaker than the zwitterionic or acidic inter-
action. For a similar bonding strength HEMA has to be
incorporated in much higher concentrations which, on the
other hand, decrease the amount of hydrophobic monomer
and, therefore, the interaction with a polymer matrix.

In summary, the described results open the possibility
toward a more rational and optimized synthesis of nano-
composites. For example, the thermodynamic parameters
should allow to estimate the number of anchor groups in a
copolymer, which is essential for its irreversible and stable
adsorption processes.

Conclusion

ITC was successfully introduced as a highly sensitive tool to
study and characterize interactions in polymer and material
science, as demonstrated for an organic—inorganic hybrid sys-
tem. Herein, the adsorption of amphiphilic copolymers onto the
surface of inorganic nanoparticles was investigated. In the case of
the systems PEHMA-co-PPEOMA™/Si0,, PEHMA-co-4
VPSB/SiO,, and PEHMA-co-PEGMP/SiO,, the enthalpy AH,
the free energy AG, the entropy AS, and the binding constant Ky
were successfully determined in a single experiment without the
need to perform measurements at different temperatures. The
obtained results gave rise to the quantification of the strength of
the adsorption and to a detailed insight in the adsorption
mechanism. Because of the fact that the design of nanocompo-
sites is in many cases based on a noncovalent adsorption of
surface-active compounds on the surface of an inorganic materi-
al, this knowledge might lead to a more rational and optimized
design (concerning adsorption strength, amount of modification
agent needed to fulfill a special purpose, surface coverage,
irreversibility of the adsorption, etc.). For example, the ideal
anchor group, concerning its nature, as well as an optimized ratio
between the hydrophilic anchor group and the hydrophobic part
in a desired copolymer might be identified. Furthermore, the
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results pointed out that high molecular weight components with
multiple binding sites are superior to low molecular weight
compounds concerning adsorption. The K values for the high
molecular weight compounds were 2 orders of magnitude higher
than for the low molecular weight compounds, which indicated
that the tendency to desorb is tremendously diminished in case of
the high molecular weight compounds. Aside from the presented
interaction between organic and inorganic compounds, ITC
offers the potential to become also an important tool to analyze
processes such as the aggregation behavior of polymers, which
plays an important role in the formation of micelles and emul-
sions or in the self-assembly of amphiphilic block copolymers
(e.g., polyelectrolytes).
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