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ABSTRACT: The synthesis and optimization of novel bio-
active components is key to the development of antifouling
marine coatings. It was recently demonstrated that medeto-
midine (MM) has perfect antibarnacle behavior along with
good ecological properties. To investigate the applicability
of MM in self-polishing marine paints, a large set of mix-
tures of MM with two commercial alkyd resins (ARs) was
prepared. The nature and strength of the intermolecular
interaction as a function of composition in both the liquid
and solid states were studied using NMR and FTIR tech-
niques, respectively. It was found that at low concentrations
MM molecules were coordinated to alkyd resin chains by
hydrogen bonding. This interaction had a multidentate char-

acter (i.e., one molecule of MM interacted with several
OCOOH species of ARs) that resulted in stronger bonding
between the two compounds. However, at higher MM con-
centrations an ionic association between the two compounds
began, which at a large MM content resulted in microphase
separation. It was noted that the strong interaction between
medetomidine and the alkyd resins investigated was a pos-
itive factor for the application of these compounds in self-
polishing marine paints. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 99: 2797–2809, 2006
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INTRODUCTION

The main problem with materials immersed in seawa-
ter is fouling (or biofouling), that is, the settlement and
growth of a variety of biological species and/or or-
ganisms on the surface of a material. Although fouling
poses no essential problems for static objects (pipes,
cables, navigation buoys, etc.), it may cause serious
problems for ship hulls, for example. For instance,
increased surface roughness from fouling may result
in a 40% increase in a vessel’s fuel consumption, not
counting the additional cost of cleaning and repaint-
ing.1,2 Attempts to overcome fouling have occurred
for more than 4,000 years—in 2000 BC ships were
fastened with copper bolts and their bottoms were
covered with lead.3 Since the 19th century paints
containing a special ingredient to prevent settle-
ment of microorganisms, a so-called antifoulant
(AF) or antifouling agent, have been produced in-
dustrially.3 Antifoulants must, on the one hand,
effectively prevent the growth of various marine
organisms, the variety of which runs to more than

1700 species,4 and, on the other hand, should not be
hazardous to marine ecology in general. Thus, cre-
ating a proper antifouling agent is key to the devel-
opment of novel marine paints. So far, hundreds of
materials have been thoroughly tested for use as
AFs. Omae5,6 recently reviewed the latest achieve-
ments in this field.

For many decades, biofouling was mostly con-
trolled with the use of a large variety of metal biocides
such as copper and organotin compounds. However,
it was found that despite having a high degree of
efficiency, these materials had a very negative effect
on nontarget species. Therefore, their application is
now strongly regulated and even banned around the
world. Thus, in the last 15–20 years less toxic and more
environmentally friendly antifoulants have been in-
tensively developed. To shorten the time and cost of
development, it has been proposed7,8 that pharmaceu-
ticals be used as antifoulants. These compounds have
known chemistries and mechanisms from investiga-
tions in human and animal models. Medetomidine
(C13H16N2), or 1H-imidazole, 4-[1-(2,3-dimethylphe-
nyl)ethyl], is a well-known bioactive compound and is
widely used in medicine.9–11 Its chemical structure is
shown in Figure 1(a). In recent testing of its potential
use as an antifouling agent in marine paints,12,13 this
molecule was found to be very microbiologically ac-
tive against the fouling of various barnacles, which are
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hard fouling organisms, making medetomidine a can-
didate for use in industrial marine paints.

Another significant aspect of paint formulation is
the compatibility of the components used. A typical
marine paint is a complex mixture of about 10 com-
pounds,14 both organic and inorganic. The likely most
important factor in bioactivity is the interaction be-
tween the AF and the polymer binder, which is the
dominant organic component of a paint film. The
strength of this interaction controls the rate of antifou-
lant release. If the interaction is weak or absent, the AF
will easily escape the system, thereby reducing the
lifetime of the antifouling efficiency. In contrast, a very
strong interaction in essence will restrict the biological
effect. Thus, the creation and development of new
advanced AFs immediately necessitates investigation
of their interaction with the polymer materials already
used in paint systems. In previous studies12,13,15 the
interaction between medetomidine and several poly-
mers was investigated. In particular, it was found12

that medetomidine showed a strong affinity for poly-
styrene and displayed a tendency to accumulate on
both hydrophobic and hydrophilic polystyrene surfac-
es.13 In a recent work15 we investigated the interaction
between medetomidine and long-oil alkyd resin,
which is a typical polymer binder in industrial
paints.16 It appeared that AF molecules mostly
bonded to the binder via hydrogen bonding and/or
ionic pairing between carboxylic groups of the poly-
mer and NH species of medetomidine. Such bonding
provided reasonably good AF retention–release prop-
erties. In addition, these systems showed good integ-
rity, and no phase separation was detected, even at
high AF concentrations. However, it could be different
with other polymers. Therefore, further investigation
was needed in order to clarify the applicability of
medetomidine in the wide spectrum of marine paints.

In the present work we applied NMR diffusometry
and FTIR spectroscopy to the investigation of the in-

teraction of medetomidine with two types of alkyd
resins used as polymer binder in self-polishing marine
paints. A large set of model systems with varying
polymer–AF ratios was thoroughly investigated with
the primary goal of clarifying the strength and the
mechanisms of intermolecular interactions. Polymer–
antifoulant coordination was studied in liquid solu-
tion by NMR diffusometry and in solid solvent-free
films by FTIR.

EXPERIMENTAL

Chemicals and sample preparation

Fully deuterated o-xylene (o-xylene-d10) was pur-
chased from Dr. Glaser AG (Basel, Switzerland); the
alkyd resins Syratal 11.5 (ST-11) and Syratal 23 (ST-
23)—the number indicates the acid number—were
kindly donated by Eastman Chemical Sweden AB
(Mölndal, Sweden) and were used without further
purification. The weight percent of fatty acids was
approximately 60 wt % in both alkyd resins. The the-
oretical molecular weights of ST-11 and ST-23 were
1600 and 1200 g/mol, respectively. The medetomidine
{(S,R)-4(5)-[1-(2,3-dimethylphenyl)ethyl] imidazole}
was synthesized in accordance with a procedure pre-
viously described by Shtykova et al.15 The chemical
structures of medetomidine (MM) and of selected
fragments of the alkyd resins (ARs) are presented in
Figure 1.

The solutions were prepared as follows. First,
enough medetomidine was dissolved in o-xylene-d10
to make 0.4 wt % (maximum solubility). Then, differ-
ent amounts of polymer were added to the solution
such that the polymer-to-medetomidine ratio, Cp/Cm,
varied from 1 to 60. Cm and Cp are the concentrations
by weight percent of MM and AR, respectively. A
higher value of the Cp/Cm parameter corresponds to
an increase in the relative content of alkyd resin at
fixed concentrations of medetomidine.

Figure 1 Chemical structure of (a) medetomidine and (b) main fragments of alkyd resin (numbers 2 and 5 indicate the
positions of specific protons, discussed in the text).
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NMR experiments
1H-NMR and NMR diffusometry experiments were
conducted on Varian Unity Inova 600- and 500-MHz
spectrometers, respectively, at 20°C. Diffusometry
measurements were performed using a stimulated
echo sequence, presented in Figure 2, with 40 gradi-
ents of varying strength (g) ranging from 0.02 to 1.6
Tm�1, a gradient duration (�) of 0.004 s, and diffusion
time (�) of 0.07 s. The combinations of g, �, and � were
chosen in order to obtain 90–95% total signal attenu-
ation at the highest g value. A sine-shaped gradient
pulse was used to minimize the effect of eddy cur-
rents. All experiments were performed in 5-mm NMR
tubes. The tubes were flame-sealed after vacuum re-
moval of dissolved oxygen.

Calculation of self-diffusion coefficients

Analysis of the diffusion NMR data was performed
with specialized software called CORE (component
resolved spectroscopy).17,18 CORE evaluates the diffu-
sion data by a global least-squares fit. By this method,
spectra of the individual components are calculated by
a complete band-shape analysis, along with the corre-
sponding diffusion coefficients. In a NMR diffusom-
etry experiment using line-shaped gradients, the sig-
nal intensities of monodisperse molecules such as me-
detomidine and o-xylene obey a simple relationship:

I � I0exp� � kD�,

where I0 is signal intensity at g � 0, D is the diffusion
coefficient, and k is �2g2�2 (4� � �)/�2 where � is the
gyromagnetic ratio.

For polydisperse systems such as alkyd resins with
little or no signal overlap, signal intensity was evalu-
ated by a standard least-squares fit method in MAT-
LAB according to

I � I0�
0

�

P�D�exp� � kD�dD.

For many polydisperse mixtures the distribution
function, P(D), is well represented by a log-normal
distribution

P�D� �
1

D�lnD�2�
� exp� �

�lnD � lnDm�2

2�lnD
2 �,

where Dm is the median self-diffusion coefficient and
�ln D is the standard deviation of the logarithm of the
diffusion coefficient.

In more complex system, such as medetomidine–
alkyd resin–xylene, in which NMR signals overlap,
the log-normal distribution is the diffusion coefficient
plus two single diffusion coefficients that describe the
data well:

I/I0 � f1�
0

�

P�D1�exp� � kD1�dD � f2exp� � kD2�

� �1 � f1 � f2�exp� � kD3�

where f1,2,3 are the normalized fractions and D1,2,3 are
the diffusion coefficients of the three components.
However, because of strong overlap of NMR signals,
there were difficulties in using this function directly to
evaluate the individual diffusion coefficients in the
three-component mixture. So the diffusion coefficient
of alkyd resins was evaluated from nonoverlapped
NMR signals and than used as a fixed value in the last
equation.

FTIR–ATR measurements

FTIR spectra were recorded at room temperature us-
ing a Bruker-IFS 66v spectrometer equipped with a
liquid nitrogen–cooled MCT detector and attenuated
total reflection (ATR) utility (45° ZnSe prism, a prod-
uct of Graseby Specac). To record the spectrum, a
certain amount of medetomidine-resin solution in o-
xylene-d10 was sprayed on the surface of the horizon-
tal ATR prism placed in the vaccumated sample com-
partment of the spectrometer. The solvent was al-
lowed to evaporate for 5 min under vacuum (5 mbar)
such that a solid film was formed. After that, the
infrared spectrum was recorded. Every spectrum pre-
sented in this work represents the accumulation of 200
scans at a spectral resolution of 2 cm�1.

RESULTS AND DISCUSSION
1H-NMR spectra

Figure 3 presents 1H-NMR spectra of pure ST-11 and
ST-23 alkyd resins and their mixtures with medetomi-
dine at Cp/Cm � 4. The solvent, o-xylene-d10, showed
two strong peaks at 2.0 (s, 6H) and 7.0 (d, 4H) ppm

Figure 2 Pulsed gradient stimulated spin-echo (PGSSE)
pulse sequence with sine-shaped gradient, where � is the
length, g is the strength of the gradient pulse, and � is
diffusion time.
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(marked peaks). The medetomidine signal appeared at
1.6 (d, 3H), 2.2 (s, 3H), 2.3 (s, 3H), 4.4 (q, 1H), 6.6 (s,
1H), 6.9–7.0 (m, 3H) and 7.14 (s, 1H) ppm. The anal-
ysis of the spectrum of AR was too complicated to be
assigned in detail, but the main peaks were noted as
being in regions 0.8–3.1, 3.5–5.7, 6.4–8.0 ppm. The
NMR spectra of ST-11 and ST-23 alkyd resins were
very similar [Fig. 3(a,c)]. In both materials the high-
field region of the proton spectra, 0.8–3.2 ppm, con-
tained mainly methylene and methyl peaks from fatty
acid protons. The 3.5–6.0 ppm region was character-
istic of the protons neighboring ester and hydroxyl
groups, and the 6.0–8.0 ppm envelope contained the
signatures of aromatic protons of phthalic ester frag-
ments.

The most noticeable difference between the spectra
of the ST-11 and ST-23 polymers was observed in
regions 0.8–2.5, 3.5–4.0, and 6.8–7.5 ppm. The number
of peaks and their positions were the same for both
materials, but the intensity of the signals differed. To
study structural differences, we integrated the signals
in these regions, and apparently in all three regions
the integral intensity of the NMR signal was higher in
the ST-23 resin spectrum. This observation shows that
the amount of phthalic ester and acid fragments, as
well as of methyl and methylene groups, was higher
in ST-23. The signal at 6.2 ppm was chosen as the
normalization intensity.

In the spectra of the medetomidine/polymer mix-
tures [Fig. 3(b,d)], we noted a strong overlap of the
characteristic proton resonance peaks of the two com-
ponents. This occurred because many different signals
came from the polymer, and these were broadened

because of the relatively short T2 relaxation time.
Nonetheless, a few characteristic peaks of individual
components could still be resolved. A shift of the
NMR signal and broadening of a specific region in the
medetomidine/polymer spectrum were observed.
The signals at 6.6 and 7.15 ppm referred to medeto-
midine protons 1 and 2, respectively (Fig. 1). It can be
seen in the marked area of Figure 2 that the medeto-
midine peak at around 6.6 ppm broadened with in-
creasing polymer concentration. In addition, the me-
detomidine peak originally at 7.14 ppm shifted to
higher parts per million values as the polymer con-
centration increased. This behavior was observed for
both ST-11 and ST-23. The changes are summarized in
Figure 4, which shows the dependence of line width
and position of the characteristic NMR signals of me-
detomidine for the different Cp/Cm ratios. It can be
clearly seen for both polymers that when the Cp/Cm

ratio increased, the NMR signal originally at 7.14 ppm
shifted to higher values and that the signal at 6.6 ppm
broadened with increasing polymer concentration.
The change in line width most likely occurred because
of an interaction between medetomidine and the
alkyd resins. According to the results, changes in both
the position and width of the medetomidine signals
were stronger for ST-23 than for ST-11. We suggest
that the interaction between medetomidine and the
polymer with the higher acid number (ST-23) was
stronger than that between medetomidine and the
polymer with the lower acid number (ST-11). The
medetomidine–solvent interactions could be ne-
glected because of the aprotic apolar nature of o-xy-
lene.19

Figure 3 1H-NMR spectra of different solutions in o-xy-
lene: (a) ST-11 (6 wt %), (b) mixture of ST-11 and MM
(Cp/Cm � 3.75), (c) ST-23 (6 wt %), (d) mixture of ST-23 and
MM (Cp/Cm � 3.75). The numbers 5 and 2 indicate the peaks
of specific MM protons [see Fig. 1(a)]; asterisks indicate
solvent peaks.

Figure 4 Variation of some NMR band parameters in
AR–MM mixtures as a function of composition (solid sym-
bols: line width of the MM proton 5; open symbols: chemical
shift of MM proton 2).
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NMR diffusometry

To estimate the strength of the interaction in the me-
detomidine–alkyd resin mixtures, the diffusion coeffi-
cients of MM, AR, and o-xylene were studied by NMR
diffusometry for different mixture compositions. The
dependence of the self-diffusion coefficient for AR is
presented in Figure 5 (solid symbols). It can clearly be
seen that the diffusion coefficients of both resins de-
creased linearly with increasing Cp/Cm. Similar behav-
ior was found for pure AR at increasing concentration
(dashed lines in Fig. 5). Hence, the addition of medeto-
midine did not influence the diffusion behavior of the
alkyd resins. The observed behavior can be easily
explained by a polymer concentration effect: a higher
polymer content resulted in slower diffusion because
of increased obstruction. Moreover, the diffusion co-
efficient dependence on concentration was the same in
both cases. This reflects that the diffusion mechanism
was the same for the two polymer systems. However,
the values of the diffusion coefficients of the two poly-
mers differed, with the self-diffusion of ST-11 polymer
slower than that of ST-23 at all concentrations. This
was most likely because of the higher molecular
weight of the ST-11 polymer.

A similar diffusion behavior was observed for o-
xylene at varying Cp/Cm ratios. Xylene diffused 1.4
times slower than pure xylene at Cp/Cm � 20. The
diffusion behavior of xylene at an increasing Cp/Cm

ratio can also be explained by obstruction of the sol-
vent by the polymer.

In contrast, the dependence of the medetomidine
self-diffusion coefficient (DMM) on the Cp/Cm ratio
was nonlinear (open symbols in Fig. 5) in the presence

of AR. Two zones were clearly observed: a sharp
decrease of DMM until Cp/Cm � 7, followed by con-
stant value of DMM in the Cp/Cm � 7–20 region. A
sharp reduction in DMM at low Cp/Cm ratios suggests
a restriction in the diffusional motion of MM by an
interaction with the much larger polymer molecule.
When fast exchange occurred, the measured average
diffusion coefficient of MM included the diffusion of
free and polymer-bound medetomidine molecules:

DMM � xfDf � xbDb, (1)

where Df and Db are the diffusion coefficients of the
free and bound MM molecules, respectively; and xf

and xb are their normalized fractions, respectively. The
variation in polymer content, that is, in the Cp/Cm

ratio, affected the fraction of free medetomidine,
which was reflected by the DMM values. At low Cp/Cm

ratios, the free medetomidine dominated, but at
higher Cp/Cm ratios, the fraction of xb became larger.
The fraction of bound MM molecules at increasing
Cp/Cm was calculated and is presented in Table I. This
value neared 1 at Cp/Cm ratios increasing from 1 to 20
for both the ST-11 and ST-23 alkyd resins. The xb

threshold value shown in Table I suggests there was
saturation of the AR active groups with which me-
detomidine could interact. The saturation threshold
started at a lower MM concentration for ST-23 than for
ST-11, indicating that the strength of the intermolecu-
lar interaction between MM and the alkyd resins was
stronger for ST-23 than for ST-11.

The number of binding sites for MM on AR reflects
the binding capacity of AR to the MM molecule. Car-
boxylic groups in the polymer and an amino group in
the MM were assumed to be active sites. The molar
ratios between these two active sites, � � molONH/
mol OCOOH, were estimated and are presented in
Table I. A comparison of the � values (Table I) with
MM diffusion (see Fig. 5) can determine a threshold �
value. These � values were 1 : 0.26 and 1 : 0.51 for

Figure 5 Dependence of self-diffusion coefficients of me-
detomidine and alkyd resins on mixture composition, eval-
uated by CORE (a dashed line indicates the self-diffusion
coefficient of pure alkyds at the corresponding concentra-
tion).

TABLE I
Fraction of Bound Medetomidine Molecules in AR-MM

Mixtures (xb) and Molar Ratio of NH(MM) and COOH(AR)
groups (�) as a function of Cp/Cm Value

Cp/Cm

xb �

ST-11 ST-23 ST-11 ST-23

1 0.1 0.14 25 (0.04 : 1) 11 (0.09 : 1)
2.5 0.66 — 9.0 (0.11 : 1) 4.8 (0.21 : 1)
4 0.67 0.37 6.3 (0.16 : 1) 3.2 (0.31 : 1)
6.25 0.84 0.69 3.8 (0.26 : 1) 1.9 (0.51 : 1)
10 0.90 1.0 2.4 (0.41 : 1) 1.2 (0.81 : 1)
15 0.90 1.0 1.7 (0.6 : 1) 0.8 (1.2 : 1)
20 0.90 1.0 1.3 (0.8 : 1) 0.6 (1.7 : 1)
40 — — 0.63 (1.6 : 1) 0.31 (3.2 : 1)
60 — — 0.42 (2.4 : 1) 0.21 (4.7 : 1)
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ST-11 and ST-23, respectively. Therefore, the binding
capacity of the ST-23 alkyd resin to MM was higher
than that of ST-11.

FTIR spectroscopy

Alkyd resins

The FTIR spectra of the two alkyd resins, shown in
Figure 6(a), were found to be very similar to each
other. Only small intensity redistribution between
some spectral bands was noted. Thus, for instance, the
ratio of relative intensities in the spectral intervals
1000–1300 cm�1 (various COC modes) and 2750–3100
cm�1 (CH2 and CH3 stretching vibrations) differed,
which definitely was a result of the differences in
chain length in the two types of ARs. However, we
were most interested in the behavior of carbonyl
(OCAO) and hydroxyl (OOH) groups because these
were the species that likely were responsible for the
intra- and intermolecular interactions in the system.

In the FTIR spectrum of neat alkyd resins the char-
acteristic band of CAO stretching vibrations appeared
as a strong, broad, and asymmetric peak centered at
about 1730 cm�1 [Fig. 6(a,b)]. Comprehensive curve
fitting analysis of this envelope showed at least three
components, at 1709, 1728, and 1743 cm�1, respec-
tively. Such a multicomponent structure can be easily
understood because alkyd resins basically contain
three types of carbonyl groups [see Fig. 1(b)]: carbox-
ylic (OCOOH), ester (OCH2OCOOOO), and maleic
(OOOCOOCHACHOCOOOO). Taking into ac-
count that the frequency of CAO stretches is depen-
dent on the group environment, it is reasonable to
suggest that the presence of three distinct but quite
similar species was responsible for the formation of
the observed band shape. In agreement with data
reported in the literature,20 characteristic frequencies
of carboxylic CAO groups fell into the region of 1700–

1725 cm�1, whereas carbonyl groups in ester/maleic
configurations generated a band in the 1725–1750
cm�1 spectral envelope. Therefore, given the spectrum
of alkyd resin, we tentatively assigned the low-fre-
quency component of the CO stretching band (�1710
cm�1) to the carboxylic CAO groups, and the compo-
nents with higher frequencies (�1730 and �1740
cm�1) to the species in ester and maleic environments.
We also noted that the relative intensities of the com-
ponents at 1728 and 1743 cm�1 were slightly different
in both materials [Fig. 6(b)]. This may have been a
result of either a different number of corresponding
CAO species or of differences in the intra- and inter-
chain coordination in the two matrices. The latter, in
turn, may have arisen because of significant differ-
ences in the molecular weight and specific content of
free carboxyl groups in both types of ARs.

The characteristic spectral profile of the OH stretch-
ing vibrations in investigated alkyd resins [Fig. 6(c)]
consists of three well-resolved bands centered at
�3355, �3470, and �3540 cm�1, respectively. On the
basis of data reported in the literature,20 the high-
frequency mode can be attributed to the carboxylic
OH groups (OCOOH), whereas the mode at 3470
cm�1 originated from the OH species in a OCHnOH
environment (alcohol type). The origin of the third
component (�3355 cm�1) is not straightforward. Tak-
ing into account the structural peculiarities of the ma-
terials [Fig. 1(b)], the presence of OH species in an
environment different from the two discussed above is
hardly possible. On the other hand, the frequency of
OH vibrations is known to be sensitive to the strength
of hydrogen bonding and shows a downward shift as
this strength increases.21 Therefore, we tentatively as-
signed the component with the lowest frequency to
the strongly bonded hydroxyl groups.

Also interesting is that, as mentioned above, the
spectra shown in Figure 6 were normalized with the
intensity of CAO band. On the other hand, under
such normalization total intensity of 	(OH) band ap-
peared to be visibly higher in ST-23 [Fig. 6(c)]. This
automatically signaled a higher content of polyhydric
alcohol segments in this material. Thus, it became
obvious that ST-23 contained not only a larger amount
of free carboxyl groups (as determined from the acidic
number) but also more polyol chains. Therefore, it was
reasonably expected that the ST-23 binder would be
more active in intermolecular interactions and hydro-
gen bond formation.

Medetomidine

Analyzing the spectral bands of medetomidine appar-
ently was quite complicated for two reasons: (1) in the
samples of special interest, whose AR–MM ratio was
close to industry standards, the amount of MM was
usually much lower than that of alkyd resin, and (2)

Figure 6 Comparison of FTIR spectra of two alkyd resins.
The spectra were normalized using the intensity of CO
stretching vibrations around 1730 cm�1.
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most of the MM bands strongly overlapped with those
of AR. Therefore, it is nearly impossible to carefully
consider the spectral behavior of most bands. How-
ever, it was possible to perform a detailed analysis of
the peaks falling into the spectral interval of 750–870
cm�1, which was practically free of any alkyd contri-
bution (see Fig. 7). In this envelope the infrared spec-
trum of medetomidine contained two intense com-
plexly structured absorption bands at 782 and 825
cm�1. To clarify the origin of these features, we pre-
pared a deuterated analog of medetomidine. In fact,
the pyrrole nitrogen of the imidazole ring was readily
deuterated by dissolution in D2O because of a rapid
exchange with solvent protons.22 Thus, in the N-deu-
terated compound the vibrational modes related to the
imidazole part of the molecule were expected to show
a frequency shift and/or intensity changes, whereas
the benzene-related bands should not have been af-
fected. As can be seen in Figure 7, in the FTIR spec-
trum of N-deuterated MM the band at 825 cm�1 was
completely absent, whereas the 780 cm�1 event re-
mained mostly unchanged. Taking into account this
finding, as well as known vibrational properties of
imidazole and benzene derivatives,23,24 we assigned
the modes at 780 and 825 cm�1 to the in-phase
COCOC bending (	6) of benzene and out-of-plane
deformation of imidazole rings, respectively.

Alkyd resin—medetomidine systems

It should be stressed that the spectral transformations
observed in the AR–MM films were quite similar for

both types of alkyd resins. Therefore, we have as-
sumed that all findings and conclusions for one type
of AR also are true for the other type, unless a differ-
ence between them was clearly observed. Solid-state
infrared spectra of pure alkyd resin and medetomi-
dine are depicted in Figure 8, from which it can be
seen that the peaks of both compounds strongly over-
lapped. Only a few spectral bands (marked with ar-
rows) could reasonably be used as internal standards
for comparison of spectral variation. In the spectra of
the AR–MM mixtures (data not shown), the most
prominent transformation occurring with increasing
medetomidine content was the continuous growth of
the characteristic MM peaks in the region of 750–1600
cm�1 and of a wide structureless band between 2400
and 3400 cm�1. In addition, the shapes and positions
of many peaks characteristic of both compounds
showed clear dependence on the Cp/Cm ratio. These
changes are discussed in more detail below.

Medetomidine bands

Figure 9 compares the spectra of alkyd-medetomidine
systems of different composition in the spectral range
of characteristic MM bands (see Fig. 7 and related
discussion). We note here that for lowest MM contents
studied in this work (Cp/Cm � 60 and 40), the intensity
of the bands was too low for detailed analysis. For
ST-11 resin [(Fig. 9(a)], both MM peaks showed con-
tinuous intensity increases, whereas the shape of the
bands remained mainly unchanged. In contrast, in
ST-23-based mixtures [Fig. 9( b)], it was noted that at
low levels of added MM (large Cp/Cm ratio), the orig-
inal shape of the discussed bands (shown in Fig. 7)
was significantly distorted. The mode at 780 cm�1,
assigned to the benzene ring, demonstrated an inten-
sity redistribution between the components, whereas
their frequency position remained unchanged. For the

Figure 7 Comparison of FTIR spectra of medetomidine in
protonated and deuterated forms in the frequency range of
interest (see text for details).

Figure 8 Comparison of infrared spectra of alkyd resin
(ST-23) and medetomidine (arrow marks nonoverlapped
bands).
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imidazole band (825 cm�1), in contrast, the intensity
redistribution was not so obvious, but both compo-
nents showed a shift toward higher wave numbers. A
close look at the behavior of the discussed bands
allowed for the assumption that starting from a certain
composition, the coordination between AR and MM
changed its character. This observation was in good
agreement with the structural data and the NMR re-
sults. Analysis of the spectral profiles showed that
essential changes in MM diffusion occurred at a
Cp/Cm concentration of 6.

Carbonyl and hydroxyl bands of AR

The addition of medetomidine to the alkyd resin also
caused several specific transformations in the spectral
bands of the latter. First, we were interested in the
behavior of characteristic bands of carboxyl groups,
OCOOH, (around 1710 and 3450 cm�1), because these
groups were those most expected to interact with the
antifouling agent. It is well known that a carboxylic
group is highly acidic and easily releases a proton in
the presence of a hydrogen acceptor. Dissociation of
carboxyl group results in formation of a carboxylate
anion (OCOO�). In this anion the electrons were de-
localized significantly, and the negative charge was
dispersed on both oxygen atoms because of resonance.
Accordingly, infrared absorption bands from CAO
and OH stretching vibrations disappeared from the
spectrum. Instead, the new bands arose around 1400
and 1520 cm�1, characteristic of symmetric and asym-
metric vibrations, respectively, rise, of OCOO�

ions.25,26 Therefore, in the systems under investigation
it was expected that there would be decreased inten-
sity of CAO and OH bands of AR with an increase in

MM content. This specific behavior was observed pre-
viously15 in mixtures of MM with another type of
alkyd resin.

The spectral profiles of the characteristic band of
CAO stretching vibration in pure ST-23 resin and its
mixtures with medetomidine are shown in Figure 10.
It can be seen that changes in film composition caused
variation in all three parameters of the spectral band
(frequency position, intensity, and width). The most
prominent change was observed in intensity, which is
discussed in detail below. In addition, as the amount
of medetomidine increased, the CAO band demon-
strated a progressive shift toward higher frequencies
accompanied by band narrowing (Fig. 10). At the
highest MM content investigated in this work (Cp/Cm

� 1), in both systems we observed a shift of 6 cm�1

and a decrease of bandwidth of 4 cm�1. The observed
behavior clearly suggested the presence of a strong
interaction between a polymer and an antifouling
agent.

To perform a numerical analysis of the variation in
carbonyl band intensity, it was important to normalize
the spectra of all samples properly. The details of this
normalization procedure are given in the section of
the appendix on curve fitting. Figure 11 shows the
calculated values of CAO band intensity for different
AR–MM systems. All values were normalized with
that of pure AR, such that this value equaled 1. In both
systems considered in this work we noted that even at
the lowest MM content, the integral intensity of the
carbonyl band decreased drastically to about 30% of

Figure 9 Comparison of FTIR spectra of different AR–MM
systems in the frequency range of characteristic medetomi-
dine vibrations: (a) ST-11, (b) ST-23.

Figure 10 Variation of carbonyl band profile in AR–MM
mixtures as a function of composition (ST-23). Spectra were
normalized with the intensity of the AR band at 700 cm�1.
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its initial value. This phenomenon can be explained by
extensive dissociation of COOH groups. It should be
noted that the extent of dissociation was very high
because the remaining 30% of the intensity must be
attributed to the noncarboxylic CAO groups [see Fig.
1(b)]. A complete dissociation of carboxyl groups at
the lowest MM concentration was somewhat puzzling
because the relative low amount of MM. Simple cal-
culations showed that at Cp/Cm � 60, the NH/COOH
ratios (�) were about 0.2 and 0.42 for ST-23- and
ST-11-based mixtures, respectively (Table I). There-
fore, it was reasonable to assume that one molecule of
medetomidine interacted with several carboxyl
groups of AR.

The low intensity of the CAO band remained prac-
tically constant within a wide range of MM concen-
trations up to Cp/Cm � 15 (Fig. 11). With additional

increases in medetomidine content, the intensity of the
CAO band started to grow, such that at the highest
Cp/Cm value, it reached the magnitude observed for
pure polymer. This increase can only be explained by
the transformation of carboxylate anions into carbonyl
groups because of either localization of the proton at
one of the oxygen atoms (association of OCOOH) or
chemical bonding betweenOCOO� and another spe-
cies (formation of OCOOR).

The behavior demonstrated by the present systems
was completely different from that observed in our
earlier work,15 in which another type of AR was used
as a binder. Figure 11(b) shows the variation in inten-
sity of the CO band the systems in our previous
study.15 It can be clearly seen that spectral changes
corresponded more to the expected scenario, that is,
the more MM was added, the greater was the disso-
ciation of the carbonyl groups observed. Possible rea-
sons for such discrepancies are analyzed later in this
article.

Additional evidence of the interaction between a
polymer matrix and an antifouling agent was obtained
from observation of the characteristic bands of OH
stretching vibrations. Typically, an alkyd resin con-
tains two types of hydroxyl groups [Fig. 1(b)], with
quite different properties. Unlike acetic OH groups
(OCOOH), alcohol-type hydroxyl groups (OCHnOH)
have very low acidity and usually do not dissociate.
Thus, when a hydrogen bond acceptor (like MM) is
added to the AR, the expected transformation of the
OH profile [Fig. 6(c)] is a decrease in total intensity
because of dissociation of the carboxylic OH and pos-
sibly a redistribution of intensity because of the in-
volvement of alcoholic hydroxyls in hydrogen bond
formation.

Figure 12 compares the OH stretching profiles of
pure alkyd resin and different AR–MM mixtures. In a
manner similar to the CAO band, the addition of a
small amount of MM caused a drastic decrease in OH
band intensity. It can be seen in Figure 12 that at
Cp/Cm � 60, integral intensity in the spectral region of
3200–3600 cm�1 was essentially lower than that of
pure AR. Despite that, several spectral components
could still be resolved. Such behavior agreed well with
the decreased CAO intensity and may be explained
by dissociation of the carboxylic OH groups. The re-
maining peaks in this region could be ascribed to
alcohol-type OH groups, which did not dissociate in
the presence of medetomidine. With the further addi-
tion of MM, the main change in this spectral region
was growth of a wide high-frequency “wing.” This is
a characteristic feature of medetomidine (see Fig. 8),
and its rise was obviously determined by the increas-
ing MM content.

Unfortunately, a comprehensive curve fitting proce-
dure in the OH characteristic region was impossible
because of the strong overlap of the spectral bands.

Figure 11 Total integral intensity of CAO band in different
AR–MM films as a function of composition: (a) systems
investigated in present study, (b) systems investigated by
Shtykova et al.15
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Nevertheless, from visual analysis we were able to
conclude that the intensity of the OH bands very
weakly varied with medetomidine content or did not
change at all. Therefore, it could reasonably be con-
cluded that formation of OH groups did not occur at
any level of MM addition.

Mechanisms of AR–MM coordination/interaction

On the basis of experimental NMR and FTIR findings
and observations, we have tried to construct a dy-
namic picture of medetomidine–alkyd resin interac-
tions.

The FTIR data unambiguously showed that the
carboxyl groups in the ST-11 and ST-23 alkyd resins
dissociated completely even at very low levels of
added antifoulant. Spectral signals corresponding to
both parts of these species— carbonyl at about 1725
cm�1 and hydroxyl around 3400 cm�1—vanished.
With a further increase in MM content, an associa-
tion of carboxylic groups occurred but without for-
mation of the corresponding OH groups. This spec-
tral behavior clearly suggests a chemical reaction
between the two compounds, most likely an ionic
association of carboxylic groups with MM mole-
cules. This type of AR–MM interaction is not
straightforward, however, and requires further clar-
ification. Several questions must be answered: (1) Is
such reaction possible in principle? (2) If yes, what
reaction products would be expected? (3) How
would these chemical transformations affect the
NMR and FTIR spectra?

Considering the first two questions, it should be
noted that although the benzene ring showed rather
high stability, it is possible for the imidazole ring to
participate in nucleophilic reactions.27,28 Moreover, it
was found28 that if an electron-withdrawing group is
directly linked to an imidazole, the nucleophilic addi-
tion may occur in positions 4 and/or 5 of the ring even
under mild conditions (i.e., without quaternization;
Scheme 1). Because a carboxylate anion may easily
withdraw an electron, its reaction with the imidazole
ring is probable under ambient conditions. Support
for this scenario was directly obtained from the 1H-
NMR spectra (Fig. 3), in which distortion of olefinic
5–position protons of the imidazole ring (at 6.6 ppm)
could be clearly observed.

The influence of such pronounced structural
changes of MM on its vibrational spectrum is not
clear, however. In our FTIR experiments the largest
changes were the broadening and downward shift of
the imidazole-related spectral bands with a low con-
tent of medetomidine. No other significant changes,
that is, the appearance of new peaks or the vanishing
of already existing ones, were noted (see Fig. 9 and
corresponding discussion). To further investigate the
effect of the suggested imidazole ring modification on
the IR spectrum, we performed theoretical calcula-
tions of vibrational properties of MM molecules [Fig.
1(a)] and its derivative containing a bromide-substi-
tuted MM molecule at position 5 of the imidazole ring
(see the Theoretical calculations section of the appen-
dix). They apparently were quite similar. In the fre-
quency region of interest (700–850 cm�1), the main
alteration was a high-frequency shift of the spectral
bands of the bromide-substituted MM molecule com-
pared to those of the MM. As discussed above, this
type of change, that is, the shift of imidazole modes
toward higher wave numbers, was observed in the
experimental spectra (see Fig. 7 and corresponding
discussion).

Summarizing all the findings of this study, we
were able to determine the mechanism of interaction
between medetomidine and ST-type alkyd resins, a
description of which follows. Small amounts of MM
caused extensive dissociation of the carboxylic
groups of the alkyd resin, clearly suggesting coor-
dination of one MM molecule with severalOCOOH
species. As a result, carboxylate anions (OCOO�)
were formed. Such behavior was observed for MM
concentrations of � � 1. As the number of MM
molecules increased to equal or be larger than the
number of carboxyl groups (� 
 1), formation of
OCOOR complexes began. This was most probably
a result of the reaction between OCOO� and the
MM imidazole rings (nucleophilic addition), lead-
ing to ionic association between two compounds. At
very high MM contents (� 	 5), the signs of free,
that is, nonbonded, MM molecules could be clearly

Figure 12 Evolution of the OH stretching vibrations band
in the AR–MM mixture (ST-23) as a function of composition.
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observed. It was seen as a rapid increase in the MM
self-diffusion coefficient in solution (see Fig. 5) and
as the presence in the films of peaks characteristic of
a pure solid compound (spectra not shown).

It is important to note that the MM–AR coordina-
tion was significantly different from that observed
previously15 for another type of AR [compare Fig.
11(a,b)]. However, the relative number of carboxylic
groups in that material (acidity of the resin) was
practically the same as that in ST-11 (10.5 vs. 11.5),
but the chain length and structural organization
were different. Thus, it is reasonable to suggest that
the strength and mechanism of the MM–AR inter-
action depended not only on the acidity of AR but
also on the structure of the chains to which these
groups were attached. To verify this premise, we
investigated mixtures of MM with two carboxylic
acids (see the Spectra of model solutions section of
the appendix); the results clearly showed that such
dependence really exists.

CONCLUSIONS

The intermolecular interactions between medetomi-
dine, a novel antifouling agent, with two types of
middle-oil alkyd resins used as polymer binders in
industrial marine paints were investigated by NMR
and FTIR techniques. The strength and mechanisms of
MM–AR coordination was studied in liquid solution
and solid film as a function of polymer-to-antifoulant
ratio. When present at low content, MM coordinated
with alkyd resin mostly through hydrogen bonding of
carboxyl groups of resin with imidazole rings of anti-
foulant. This interaction had a multidentate character
(i.e., one molecule of MM interacted with several
OCOOH species of AR), resulting in stronger bonding
between the two compounds. Starting from a certain
ratio of MM and carboxyl groups to AR, estimated to
be about 1 : 1, the ionic association between them
began. With further increases of MM content, mi-
crophase separation occurred: excess antifoulant crys-
tallized out of the film.

It should be stressed that the strong interaction be-
tween medetomidine and the alkyd resins investi-
gated may be a very positive factor from the applica-
tion point of view. In fact, for usual marine paints it is
desirable to have quite weak polymer–antifoulant
bonding in order to provide good release of the latter
into water. The situation is different, however, with
self-polishing paints. There the interaction must be
very strong in the absence of water but should be
much weaker once water is allowed to penetrate the
paint. Therefore, we have concluded that the use of
medetomidine as an antifouling agent and of alkyd
resin (or similar molecules) as a binder may work very
well for self-polishing marine paints.

It also should be noted that despite good correlation
between the behavior of the components in model
solutions with that in real paint coatings, the effect of
other paint components cannot be eliminated com-
pletely.

The authors thank the Swedish NMR center for granting
spectrometer time. Dr. P. Johansson is greatly acknowledged
for his help with the theoretical simulations.

APPENDIX

Curve fitting

Deconvolution of complex spectral profiles was per-
formed using SpectraCalc, commercial software from
Jandel Scientific Ltd. The analysis of all spectra was
carried out under identical conditions and in the same
spectral regions: 670–760 and 1675–1775 cm�1. Typical
results of the curve-fitting procedure are shown in
Figure A1. In the low-wave-number region, consisting
of a series of strongly overlapped bands [Fig. A1(a)],
we used five spectral components, the minimum num-
ber that would provide a satisfactory fit. In the car-
bonyl region [Fig. A.1(b)], we used three components,
as discussed above.

To get optimal results, all three parameters (fre-
quency, intensity, and width) were released for all
peaks. In the 670–760 region, however, special care
was taken to assure that the fit results were similar for
all spectra. Then the integral intensity of the spectral
band at 705 cm�1 [shaded in Fig. A1(a)] was used as a
normalization factor. The intensity of the band of car-
bonyl stretching vibration was determined as a sum of
integral intensities of all three spectral components
[Fig. A.1(b)]. Thus, the normalized intensity of CAO
vibrations depicted in Figure 11 was calculated as a
ratio, ITOTAL(1675–1775)/I(705).

Theoretical calculations

Calculations of IR active vibrational modes were car-
ried out with two similar molecules: medetomidine
[shown in Fig. 1(a)] and the model compound de-
picted on the right in Figure A.2. To simulate the
chemical bonding of MM via the nucleophilic addition
to the 4-position of the imidazole ring, we selected the
MM-like molecule in which one of the bonds is sub-
stituted with a heavy atom. Figure A.2 (left side)
shows the results of theoretical calculations for two
molecules along with an experimental FTIR spectrum.
Two important comments should be made here. First
the calculations were made for free molecules (i.e., in
the gas phase), whereas experimental spectrum was
taken from the solid compound. Second, the observed
broadening of both bands of interest, 785 and 825
cm�1, appears to have occurred because of removal of
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degeneracy of the corresponding vibrations and can-
not be accounted for by the present calculations. Tak-
ing into account these corrections, rather good agree-
ment between the experimental and theoretical results
can be noted. Our main interest, however, was the
possible transformation of the infrared spectrum of
the MM molecule at opening of one of the double
bonds of the imidazole ring. Calculations showed that
such structural changes will not cause essential
changes in the infrared spectrum. Only an upward
frequency shift of both vibrational modes for about
20–25 cm�1 and small intensity redistribution were
expected. This prediction completely agreed with the
experimental observations presented in Figure 9 and
discussed in the text.

Spectra of model solutions

Because the observed behavior was different from that
reported above, we decided to test the molecular co-
ordination (type of bonding) between medetomidine
and several compounds containing carboxyl groups.
The main aim was to investigate the effect of the
surrounding OCOOH group on its reaction to the
MM molecule. Thus, a set of model solutions was
prepared by dissolving controlled amounts of MM
and the model compound in xylene. The FTIR mea-
surements were carried out in the same way as for the
samples investigated in this work, that is, by drying
the mixture and measuring the spectra of the remain-
ing solid film.

Two systems were investigated.

1. Mixture of MM with acetic acid, AA (CH3COOH).
In this case, after evaporation of the solvent, the
spectrum of the solid compound [Fig. A.3(a)]
did not contain any traces of acetic acid. This
can be explained by the evaporation of AA, a
volatile compound, occurring together with the
xylene. This means, in turn, that the interaction
between MM and AA molecules was quite weak
and most likely occurred via hydrogen bonding.

2. Mixture of MM with myristic acid, MA
[CH3(CH2)12COOH]. Unlike acetic acid, MA is
not volatile and does not evaporate with the
solvent. The spectra of solid MA–MM films [Fig.
A3(b)] showed clear dependence on composi-
tion. Two important observations can be noted.
First, the intensity of the CAO stretching band
(around 1700 cm�1) decreased continuously
with the addition of MM. Such behavior is typ-
ical of progressive dissociation of COOH
groups of myristic acid because of hydrogen
bonding with MM molecules. It is interesting to
mention that at a 1 : 1 molar ratio, not all the
carboxylic groups of MA dissociated, signaling
that the extent of MM–MA interaction was par-

Figure A.1 Typical results of curve fitting procedure in the
spectral regions of interest.

Figure A.2 Theoretically calculated vibrational modes of
MM molecule [see Fig. 1(a)] and its derivative (model com-
pound shown on right).
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tially determined by the configuration of the
chains containing carboxylic groups.

The second observation of significant importance is
the obvious alteration of MA structure/conformation
in the presence of MM. It can be clearly seen from
Figure A.3(b) that spectral bands of the acid under-
went essential changes with the addition of medeto-
midine. Thus, the broad intense band around 950
cm�1 vanished completely in MM reach mixtures. In
addition, a series of sharp, well-resolved peaks in the
1150–1325 cm�1 region washed into a broad structure-
less feature in the presence of MM. This observation
clearly demonstrates that medetomidine not only
formed hydrogen bonds with carboxylic groups of
another compound but also may have caused essential
reconformation of its chains.

At the same time, no changes in the spectral profiles
of MM in the region 760–860 cm�1 with concentration

were observed. This suggests that no chemical reac-
tion occurs between MM and MA.
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Figure A.3 FTIR spectra of model mixtures of medetomi-
dine (MM) and different carboxylic acids: (a) acetic acid
(AA) and (b) myristic acid (MA). Spectra were normalized
with the intensity of the COH stretching bands of the cor-
responding acid (2750–2850 cm�1).
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