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DFT Study of Nitroxide Radicals. 1. Effects of Solvent on Structural and Electronic
Characteristics of 4-Amino-2,2,5,5-tetramethyl-3-imidazolineN-oxyl
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Imidazoline-based nitroxide radicals are often used as spin probes for medium acidity and polarity in different
systems. In this work, using the density functional theory (DFT) approach, we have studied how
physicochemical characteristics (geometry, atomic charges, and electron spin density distribution) of pH-
sensitive spin-label 4-amino-2,2,5,5-tetramethyl-3-imidazdirexyl (ATIl) depend on protonation and aqueous
surroundings. Our calculations demonstrate that ATl protonation should occur at the nitrogen atom of the
imidazoline ring rather than at the amino group. Protonation of ATI leads to a decrease in a spin density on
the nitrogen atom of the nitroxide fragmertN—CO. For simulation of ATI hydration effects, we have
constructed a water shell around a spin-label molecule by means of gradual (step-by-step) surrounding of
ATI with water moleculestfy,o = 2—41). Calculated spin density on the nitrogen atom of the nitroxide
fragment increased with an extension of a water shell around ATI. Both protonation and hydration of ATI
caused certain changes in calculated geometric parameters (bond lengths and valence angles). Investigating
how structural and energy parameters of a system-AHMO), depend on a number of surrounding water
molecules, we came to the conclusion that a hydrogen-bonded clusigpaf 41 water molecules could be
considered as an appropriate model for simulation of ATI hydration effects.

1. Introduction continual medium characterized by a dielectric constate
cavity may be specified, e.g., as a set of overlapping spheres
placed at atoms of a solute molecule. This approach, however,
neglects specific interactions between the solvent and spin probe
molecules. A further development of this model was suggested
by Barone and collaborators who combined the PCM approach
with a direct consideration of spin probe interactions with the
“local aqueous surroundings” (two or three water molecules
placed in the vicinity of the-N—0O* fragment)?”-31 However,
even in this case additional amendments were needed to get
Isatisfactory values objso. Therefore, it seems tempting to
consider more realistic model for hydrated nitroxide radicals
that would take into account the interaction of a spin-label
molecule with a large number of solvent molecules. This is the
motivation for the present work. One of important issues is to
construct a hydrogen-bonded network of water molecules that
might be considered as an appropriate model for a complete
first hydration sphere surrounding a spin-label molecule.
Among a great variety of different spin-labels, imidazoline-
based nitroxide radicals are of special interest for biological
and chemical applicatiorf$ Spin probes of this kind are used
constantas(N), of nitroxide radicald—? as pH-sensitive molecular probe;, because the EPR spectra of
Several attempts to take into account the solvent effects wereP! otonated and. deprot_onated spin-labels are characterized by
different hyperfine splitting constants and, therefore, can be

undertaken in a number of theoretical wofks®? One of . !
traditional approaches to this problem is based on the use of aeasny detected by the EPR spectroscopy methoit.In this

polarizable continual model (PCMJ-26 This model considers work, we have studied the influence of an aqueous surroundings

a solute molecule placed inside the cavity surrounded by an physicochemical charactensths (geometry, energy, distribu-
tion of charges and electron spin density on atoms) of pH-

sensitive spin probe 4-amino-2,2,5,5-tetramethyl-3-imidazoline-

Nitroxide radicals are widely used as spin probes in different
fields of chemistry, physics and biology to investigate structural
and dynamic properties of biopolymers, membranes and dif-
ferent nanostructuréds!? Nitroxide radicals also serve as
molecular probes for oxygen and its active fortfig8 Practical
usage of spin probes is based on sensitivity of their electron
paramagnetic resonance (EPR) spectra to molecular mobility
and environment (medium polarity, pH, microviscosity and
ordering of solvent moleculed)31720 A development of
adequate theoretical approaches to determination of structural
and EPR characteristics of spin probes still remains as one of
the most actual tasks of computational chemidtry? The most
informative EPR parameters of nitroxide radicals aregtensor
and hyperfine splitting tensor, which are determined by the
interaction of the unpaired electron with the nitrogen nucleus
of the >N—0Or fragment. Quantum chemical calculations of
spectral parameters of nitroxide radicals are complicated, in
particular, by the necessity of accounting for interactions of
nitroxide radicals with solvent molecules. It is well-known that
polarity of a solvent strongly effects on the isotropic splitting
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Figure 1. Chemical structure and numbering of 4-amino-2,2,5,5-
tetramethyl-3-imidazolinéd-oxyl (ATI).

Ikryannikova et al.

TABLE 1: Examples of Basis Sets B1 and B2 (Orbital and
Auxiliary) Used in This Work

basis set atoms orbital basis set auxiliary basis set
B1 C,O,N (11s6p2d)/[6s3p2d] (10s3p3dif)
H (5s1p)/[3s1p] (5s2p)
B2 C,O,N (17s4pld)/[3s2pld] (25s11p6d1f)/[4s3p2d1f]
H (8s1p)/[2s1p] (8s1p)/[2s1p]

electron density gradients. Functional PBE is one of the best
generalized gradient approximation (GGA) for the exchange-
correlation functional by Perdew, Berke, and Ernzef§of.
Functional BLYP is widely used for calculations of spin density
in nitroxide radical$l3” Gaussian-type basis sets and the
expansion of electron density in the auxiliary basis were used
for the solution of Kohr-Sham equation® We used two types

of orbital and auxiliary basis sets (B1 and B2). Contraction
patterns for these basis sets are presented in Table 1. Geometries
of all the systems considered in this work were optimized with
the use of basis B1. Full optimization of geometry was per-
formed using analytical gradients. For gas-phase calculations,
it was followed by analytical calculations of the second deriva-
tives of energy with respect to coordinates in order to character-
ize the nature of the resulting stationary points (minima or saddle

Thus, we could evaluate a minimal size of a water cluster that points) on the potential energy surface. Basis B2 was used for
might be considered as a model for a first hydration sphere single point calculations of energy and spin densities performed

around ATI.

2. Computational Strategy, Methods, and Details

after preliminary geometry optimization with the use of basis B1.
To construct an aqueous sphere around a spin-label protonated
at the position of the ring nitrogen N4, ATI(H, we started

Our computational strategy stems from the recent develop- with a small system (ATI(H) + 2H,0) and then expanded step-
ments of advanced DFT methods for low cost computations of by-step a size of a water cluster until a complete hydrogen-

rather large (more than 16A50 atoms) molecular syster#is.
All calculations were carried out with the use of the original
program PRIRODA developed by D. N. Laiké¥This program

bonded water network surrounding ATIt)Hwas formed (Figure
2). On the first stage, one water molecule was placed near the
nitroxide fragment>N—0O¢, while another one was positioned

allows relatively fast DFT calculations to be performed for large near the protonated nitrogen atom of the imidazoline ring. After
molecular systems without the loss of computation accuracy. the geometry of this system was optimized, other twgOH
Therefore, we could perform our calculations on a powerful molecules were added and then the geometry of a new system

PC over a moderate period of time.

was optimized again. Such a procedure of the stepwise expan-

All our calculations were performed with exchange-correla- sion of a water cluster was repeated several times, until a
tion functionals PBE and BLYP. These functionals include complete hydrogen-bonded aqueous shell around Af)l{izas

A B

ny&c): 41

Figure 2. Chemical structures of protonated 4-amino-2,2,5,5-tetramethyl-3-imidazdimed, ATI(H™), surrounded by water molecules: (A)
ATI(H*) surrounded by five BD molecules; (B) ATI(H) surrounded by 16 0 molecules; (C) ATI(H) surrounded by 41 D molecules.
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TABLE 2: Geometry Parameters of 4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) in the Gas Phase Computed at
the PBE/B1 and BLYP/B1 Levels and Their Comparison with the Literature Date?

conformer 1 conformer 2
PBE/B1 BLYP/B1 PBE/B1 BLYP/B1 expt B3LYP/6-31G*3°
Bond Length, A
01-N2 1.287 1.288 1.286 1.300 1.291 1.285
N2—-C3 1.509 1.508 1.510 1.527 1.498 1.503
C3-C4 1.545 1.542 1.543 1.551 1.526 1.542
C4-C5 1.527 1.527 1.526 1.532 1.517 1.528
C5-06 1.441 1.444 1.438 1.456 1.422 1.426
O6—H 0.971 0.973 0.971 0.974 0.895 0.971
Bond Angle, deg
O1-N2—-C3 116.0 115.9 115.9 115.8 116.2 115.6
C3—-N2—-C3 123.8 123.8 123.9 124.3 125.4 124.7
N2—-C3—-C4 110.3 110.2 110.3 110.0 110.1 110.1
C3-C4-C5 116.3 116.3 113.8 114.1 113.1 114.1
C4-C5-C4 109.7 109.8 108.6 109.2 108.3 109.1
C4—-C5-06 111.4 111.4 111.7 1115 112.3 111.7
C5-06—H 107.5 107.2 107.7 107.8 104.3 107.4
Torsion Angle, deg

01-N2—-C3-C4 168.3 168.3 —170.3 —170.8 —167.5 —169.7
N2—C3—-C4-C5 43.5 43.5 —45.7 —44.8 44.6 44.9
C3—C4-C5-06 72.4 73.0 177.3 177.1 173.3 177.3
C4—-C5-06—H 179.9 178.4 59.4 61.4 61.1 61.2

a Calculations were performed for two possible conformations of TEMPOL, conformer 1 and conformer 2, which differ with respect to the
orientation of the OH group relative to the ring plane.

constructed. Geometry of each cluster ATH)H(H,0), was Therefore, to verify the applicability of the computation methods
optimized using the B1 basis set. Optimization of each molecular used in this work, we compared results of our calculations
system was performed without any symmetry constraints. The performed for one of the most simple nitroxides, 4 hydroxy-
convergence limit used for geometry optimization was”10  2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL), with the lit-

On the basis of geometry of optimized ATHKH-(H20)41 erature dataexperimental and computed structural parameters
cluster we constructed three other model systems: (i) hydratedof TEMPOL3® Table 2 lists geometry parameters of two
ATI molecule with protonated amino group, AHNHz™)— possible conformers of TEMPOL computed in our work at the

(H20)431, (ii) deprotonated ATI molecule surrounded with 41 PBE/B1 and BLYP/B1 levels. One can see that both approaches
H,O molecules, AT+(H20)41, and (iii) deprotonated ATI give results that are in an agreement with the calculated and
molecule surrounded with onez&* and 40 HO molecules, experimental structural parameters of TEMPOL published
ATl —(H30™)(H20)40. In the first case, the proton bound to the earlier3®

nitrogen atom N4 of the imidazoline ring was transferred to

the amino group and then geometry of a cluster ANHz™)— 3. Results and Discussion

(H20)41 was reoptimized. In the second case, the proton bound
Systom ATH(H20) was reoptimized In the fator case, the _ Prolonation sies in AT moleculethe itrogen atom Na of the
proton was transferred to the nearest water molecule placed in|m|dazollne ring and the amino group (Figure 1). To compare

the vicinity of N4 atom and then geometry of protonated system :Ee pI’Obalﬁ.)Ihtlest'fAél'l—l prcl)tonie\tlon atttheste jltei'hwe CflthIatl\?g
ATI—(H30™)(H20)s0 was reoptimized. e energies o molecules protonated either at the

For comparison, the solvation effects were also estimated position (denoted as ATI(.H) or at the amino group (deno_ted
using the IPCM (Isodensity PCM) model. This option is as ATI(-NHs")). According to our calculations, the ring
incorporated into the program PRIROIA nitrogen N4 is characterized by higher affinity to proton, as

Partitioning of charges and electron spin densities on the compared to the amino group. For ATl molecule in the gas phase

atoms of each optimized system was calculated according to(Figure EA)’ the energy difference SEqas = Eami(—nh;") —
the referencé® The isotropic hyperfine coupling constant Eami) :¢31'4 kcal/mol. The energy of the transition state
aiso(N2), which measures the contacts Fermi interaction between[ATl_H ]” of the interconversion process ATI(H <

- - | ATI(—NH3z") is higher than the energies of ATI{H) and
the unpaired electron and the nitrogen nucleus ofstihe-O + . .
fragment, was calculated as ATI(—NHs") by 55.2 and 23.8 kcal/mol, respectively (Figure

3A). Therefore, a direct proton transfer between the amino group
8 _ and N4 atom should be hindered kinetically.
aso(N2) = §”geﬁegnﬁnp(r N) 1) Computations for hydrated ATI (clusters ATI{H(H20)41
and ATI(—NH3")—(H20)41,) also demonstrate that the ring
Here,p(fn) represents the electron spin density at the nitrogen nitrogen N4 has higher affinity to proton, as compared to the
nucleusge is the free-electrog factor, Se is the Bohr magneton,  amino group (Figure 3B). In this case, the energy difference is
gn and g, are the nucleag factor and nucleus magneton, AEwater= EaTi(—~NH3")~(H:0)11 — EATIH)—(H,0) = 19.1 kcal/mol,
respectively. For calculations @ss(N2) values, we used B2  which is smaller tham\Egas When ATl molecule is dissolved
or Bl basis sets, relying on a system geometry optimized in water, the proton transfer between two protonation sites (N4
previously with the B1 basis set. and N7 atoms) could occur via a hydrogen-bonded network of
To the best of our knowledge, there are no literature data water molecules surrounding ATI. To evaluate the possibility
regarding the structural parameters of the ATl molecule. of this mechanism, we calculated an energy of a system-ATI

3.1. Sites of ATI Protonation. There are two potential
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TABLE 3: Calculated Geometry Parameters of
4-Amino-2,2,5,5-tetramethyl-3-imidazolineN-oxyl Molecule
in Deprotonated (ATI) and Protonated (ATI(H ™)) Forms in
the Gas Phase or Surrounded by 41 Water Moleculés

ATl ATI(H ™) ATI—(H20)a1 ATI(H*)—(H20)a1
Distance, A
O1-N2 1.275 1.267 1.285 1.281
N2—C3 1.507 1.493 1.495 1.488
N2—-C6 1.487 1.498 1.493 1.485
C3—N4 1.457 1.488 1.452 1.472
N4—C5 1.290 1.321 1.313 1.326
C5-C6 1.524 1513 1.534 1.518
C5-N7 1.376 1.327 1.341 1.314
N4—H 1.267 1.039
Angle, deg
C6—N2—-C3 111.7 1147 111.3 113.9
N2—C3—-N4 103.5 985 103.0 98.7
C3-N4-C5 110.0 1153 109.7 114.3
N4—C5-C6 1169 111.8 115.5 111.7
N2—-C6-C5 97.6 99.1 97.1 98.3
Torsion Angle, deg

O1-N2—-C3—-N4 176.9 -174.1 164.0 —174.8
0O1-N2—-C6—-C5 —176.4 174.4 —168.3 175.5
0O1-N2—-C6—-C3 —172.3 166.7 176.6 —167.2
N2—-C3-N4-C5 —-3.2 3.9 15.0 —10.8
N2—-C6—C5—-N4 2.2 —-4.8 -5.7 9.8
C3—-N4—C5-C6 0.7 0.6 —-6.1 0.7

a Computations were performed at the PBE/B1 level.

(2) an anglen. which characterizes a deviation of the nitroxide
fragment>N—0Or from the plane determined by atoms N2, C3,
and C6; (3) a dihedral angf¢which is the complement to the

Figure 3. Energy diagrams characterizing proton transfer between the angle formed by planes N2ZC3—C6 and C3-N4—C5-C6

amino group and the ring nitrogen N4 of ATl molecule: (A) ATl in

(Figure 1). Correctness of the choice of paramgtés proved

the gas phase; top figures show calculated structures of ATl molecule by the fact that four atoms of the imidazoline ring, C3, N4, C5,

protonated either at the amino group (left) or at the ring nitrogen atom

N4 (right), central figure depicting the transient state of protonated ATI,
(B) ATl molecule surrounded by 418 molecules. AT+H3z0"(H2O)40

depicts the model in which the proton is replaced from the amino group

to the nearest water molecule of the hydration sphere.

H3O"(H20)4 consisted of deprotonated ATl molecule sur-
rounded by a water clustersB*(H20)40. This system should

and C6, are situated practically in one plane. Really, almost in
all the cases presented in Table 3, the torsion angleNeB-
C5—C6 is less than‘l

3.2.1. Effects of ATI Protonationtable 3 lists results of
calculations that clearly demonstrate that protonation of N4 atom
of the imidazoline ring causes certain changes in the ATI
geometry. In both cases (ATI in the gas phase and hydrated

simulate one of intermediate states on the way of the proton ATI), the protonation leads to a certain shortage of the-R2
migration between the amino group and N4 atom along a bond length and causes an elongation of the double bond
hydrogen-bonded water network. The energy diagram shownbetween N4 and C5 atoms. The angéesind § also change

in Figure 3B demonstrates that the efficient activation energies with ATI protonation. The most interesting issue is a reversal

for the proton-transfer processes ATNH3z")—(H20)1 <
AT|—H30+(H20)40 and AT|(H+)—(H20)41 g AT|—H30+-
(H20)40 areE'a1 = 3.3 andE',; = 22.4 kcal/mol, respectively.

of the signs of all calculated dihedral angles (except the-C3
N4—C5—C6 one) upon the ATI protonation.
3.2.2. Effects of ATI Hydratioccording to our calculations

It is reasonable to assume that the relatively low activation (Table 3), water surroundings influence on geometry parameters
energy (3.3 kcal/mol) cannot be considered as an obstacle toof both protonated and deprotonated forms of ATI. In both cases,

the downhill proton transfer from the amino group to the ring

the ATI hydration causes an elongation of the bond lengths O1

nitrogen N4. Therefore, we conclude that the proton binding N2 and N4-C5.

would occur predominantly at the N4 atom of the imidazoline

To evaluate a minimal size of a water cluster that might be

ring. Our conclusion is in agreement with experimental data considered as an appropriate model for a complete first hydration

on the EPR study of ATl spectra in water solutidrBearing
in mind this result, we consider below only the ATHHform
of protonated ATI molecule.

3.2. Geometry Parameters of ATl Moleculeln this section,
we analyze how protonation and hydration of ATI molecule
effect on the ATI geometry. Geometry parameters of ATI

shell around ATI, consider how structural parameters of ATI-
(H™) change with its stepwise surrounding by water. Figure 4A
shows the plot of a bond length-o vs a number of water
molecules if,0) in a cluster ATI(H)—(HO)n. Parametely—o
increases with the rise ofy,0, reaching approximately the steady
level In-o0 &~ 1,28 A (atnu,o = 41). It is noteworthing that the

molecule (bond lengths, angles, and torsions) presented in Tablemain influence of water occurs after the addition of relatively
3 were calculated for protonated and deprotonated ATl mol- small amounts of KD molecules 1,0 < 8). With a further
ecules in the gas phase or ATI molecule surrounded by a waterincrease in a number of water molecules, we obtained insig-

shell of 41 HO molecules. The following structural parameters
were analyzed: (1) a bond length of the nitroxide fragnhens;

nificant variations of a bond lengtly—o (in the interval 10=<
nmo < 41). These variations reflect the discreteness of the
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B S SO A - hydration shell only when a further extension of this cluster
-30L . . . : would influence only insignificantly on the structural parameters
o 10 20 30 40 of a spin-label. According to our calculations (Figure 4), this
Number of H,0 molecules should be the case whem,o ~ 41.
Figure 4. Plots of structural parametels-o (A), a (B), andg (C), 3.3. Energy Characteristics of AT|—H+—(H ZO)n Clusters.
characterizing the geometry of protonated molecule AT)(H/s a To look for another criteria for the completeness of the first
number of water molecules surrounding ATH(H hydration sphere, we also analyzed how an energy of a cluster

ATI(H*)—(H.0), depended on a number of water molecules
in the system. To characterize the interaction of one water
molecule with other molecules of a cluster ATHH-(H20)y,

we consider the energy parameteg(n)

AE() =2 [E) — E(O)] ~ s @)

Here,E(0) is the energy of ATI in the gas phad®, relates to
the energy of isolated water molecule in the gas phasekEéamnd
is the energy of ATI(H)—(H20),. Thus, parameteAE(n)
represents a mean energy of hydrogen bonds formed by one
water molecule with other molecules in a system ATi{H
(H20)n.

Figure 6 shows how parametAE(n) depends on a number
of water molecules surrounding ATI(H. The interaction of
two H,O molecules with ATI(H), when one water molecule
Figure 5. Calculated structures of two conformers of protonated ATI forms the hydrogen bond W'th the O1 atom of thé\—Cr
molecule in the gas phase. fragment and another one is placed near the N4 atom of the
imidazoline ring, is characterized by the energy decreds(@)

sys’[em, when a number of water molecules is not h|gh enough: —12.7 kcal/mol. For a rather small number of water molecules

to form a complete hydration shell around the ATl molecule. (2 < nw,o < 16), parameteAE(n) oscillates around this level.
The conclusion about the water-induced structural distortions When a number of water molecules becomes high enaugh (

of the ATI geometry can be also illustrated by the plots of the = 26), parameteAE(n) decreases up to the steady lexx(n)

anglesa and 8 vs a number of water molecules in a cluster = —14.2 kcal/mol. This value differs only slightly from the
ATI(H)—(H,0), (Figure 4, parts B and C). For ATI(H mean energy characterizing the interaction of one water
molecule in the gas phase, we obtained that 0 ands > 0. molecule with other in a pure water cluster formed of 27 water
Addition of water changed the signs of these angtes~(0 molecules. The formation of the network of hydrogen bonds
andﬁ < 0) Simi|ar|y to structural parametmfo (Figure 4A), between water molecules in fe)27 cluster is characterized by
these changes can be induced by relatively small amounts ofthe energy decreastE,o = —13.5 kcal/mol per one water
water molecules. We also obtained certain variations of molecule, which is the same by the order of magnitude as the
parameterst and in the interval 10< ny,o < 41. water evaporation energy (will be published elsewhere).)

Water-induced structural changes in ATl molecule, which are ParameteAE(n) remains practically unchanged with a further
characterized by changes in the signs of torsion angles, indicateextension of a hydrogen-bonded water network around ATI (26
that this molecule could have two possible conformations = M0 < 41). Thus, along with the data presented in section
(Figure 5) For protona[ed AT|(‘H molecule in the gas phasel 3.2, we conclude that the water C|UStemEo ~ 40 molecules
the energy difference calculated for these conformers is very could be considered as an appropriate model for simulation of
small (<11 cal/mol). The energy barrier separating the two @ complete water sphere around ATI.
conformational states is ca. 100 cal/mol. Figure 4B demonstrates The solvation energy for protonated ATl molecule can be
that the sign of an angle oscillates with the extension of a  estimated as
water cluster. This suggests that in water solution ATl Ebuld as
exist in two different conformations. In the case of incomplete Eson = (EXTi4+ T Egrop) — Eaminy-com )
hydration shell, however, a rigorous interpretation of ATI
structural changes is complicated by the lack of appropriate where E%é}sl(w) is the energy of ATI(H) in the gas phase,
experimental data. Note that an aqueous cluster around ATIEarin*)-¢,0n IS the energy of a cluster ATI(H—(H20)n,
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A B
(gas phase) (hydrated)

Figure 7. Electric charges on atoms of deprotonated (top pictures) and protonated (bottom pictures) ATl molecules: (A) spin-labels in the gas
phase; (B) spin-labels surrounded by 41 water molecules.

A B
(gas phase) (hydrated)

Figure 8. Spin densities on atoms of ATI (top pictures) and ATtjHbottom pictures) molecules: (A) spin-labels in the gas phase; (B) spin-labels
surrounded by 41 water molecules.

Ew.on is the energy of a pure water cluster (without a spin- spin density) depend on an aqueous surroundings of protonated
label) calculated after withdrawal of ATI(H from a cluster and deprotonated forms of ATI. Figures 7 and 8 clearly
ATI(H)—(H20)n. EnergyE,0)n was calculated without opti-  demonstrate that water surroundingss,6 = 41) causes
mization of a water cluster geometry. Fop,o = 41, we redistribution of spin density and charges on the atoms of both
obtainedEsq, = 94.4 kcal/mol, which is about two times higher  protonated and deprotonated ATI. Below we consider results
than the solvation energL " = 44.2 kcal/mol calculated  of our calculations, performed at different levels of theory, in
within the frames of IPCM approach (for the model parameter more detail.
€m0 = 78.39). 3.4.1. Partial Charges on Atoms. Effects of Protonation
3.4. The Influence of Water Environment on Electronic Figure 7 shows that in both cases, dehydrated and hydrated ATI,
Characteristics of ATI. In this section, we analyze how the proton binding to N4 atom causes definite changes in partial
electronic characteristics of ATI (distributions of charges and charges on the atoms of a spin-label molecule. Protonation of
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ATl is accompanied by an increase of charges on positively "
charged atoms (N2, C3, C5, C6) and a concomitant decrease in | PBE/BE! EI [ ATIH)H,0), EI
charges of negatively charged atoms (O1, N4, N7). Charges on__ 0.1 ;,588“‘0";"0""'.'"8 Q,, ?‘,..,,,,,;,.,,,,;,,, Q,
the atoms of methyl groups are affected by ATI protonation g &oo 0/ © gt Bt
but only slightly. As we will see below (section 3.4.2), + PBE/B1 ATI(H)
protonation-induced changes in charges on atoms are correlated g g
with a certain redistribution of spin density in the nitroxide § k.\“ . e e s >-,-<:-;w ----- o
fragment of ATl molecule. £ Y88 o 8o o oyl e e Qu
Effects of HydrationFigure 7 shows that aqueous environ- < o4 ., L e
ment influences on charge distribution in both deprotonated and 2A-x N 2Q,, PN 4Q,
protonated forms of ATI (Figure 7). The most significant 2‘&5& A S oA N L
changes occur in the nitroxide fragmentNQ1, as well as in T T T P TR
the amino group and N4H bond. Hydration of ATl and ATI- 0 10 20 30 40 0 10 20 30 40
(HT) molecules causes a rise in the positive charges on their Number of H,O molecules

N2 atoms, whereas the negative charges on O1 atoms becomcfzigure 9. Plots of partial charges on atoms QQcf), N2 (Qu2), and
smaller. As concerns the N4 bond and amino group, effects N4 (Qu,) in protonated ATI(H) molecule vs a number of water
of water-induced redistribution of charges are different in cases molecules surrounding ATI(H: (A) comparison of results calculated
of protonated and deprotonated ATI. For deprotonated form, at the levels PBE/B2//B1 (solid symbols) or PBE/B1 (open symbols);
negative charges of the nitrogen atoms N4 and N7 decrease(B) partial charges calculated (PBE/B2//B1 level of theory) for ATI-
after a spin-label hydration. In contrast, the hydration of (H')surrounded by water (solid symbols) or “naked” ATI(Hn the

- ; gas phase (open stars). In the latter case, calculations were performed
protonated molecule ATI(H) results to a certain increase in for ATI(H ™) with fixed conformations that corresponded to ATH{H

the values of negative charges of N4 and N7 atoms. Positive nolecules surrounded by various numbers of water molecules (see text
charges of hydrogens in the amino group, as well as the positivefor details).
charge of the hydrogen atom bound to the N4 atoms of the

imidazoline ring, decrease with the ATI hydration. TABLE 4: Spin Densities (@o: and on) and Partial Charges
. g . y . (Qo1, Qnz, Qns) on Atoms O1, N2, and N4 Calculated for
It is important to note t_hat Water-_lnduced changes in c_harges Deprotonated (ATI) and Protonated (ATI(H+)) Forms of
on atoms cannot be attributed entirely to charge redistribution 4-Amino-2,2,5,5-tetramethyl-3-imidazolineN-oxyl in the Gas
within a spin-label molecule. Our calculations clearly demon- Phase or Surrounded by 41 Water Molecules Using the

strate that water molecules surrounding ATHHorm hydrogen ~ Different Methods

bonds with certain atoms of a spin-label molecule (the amino functional/
group protons, N4H group proton, and the oxygen atom of system basis Oor _on2 Qo1 Qw2 Qw
the nitroxide fragment). These hydrogen bonds provide a ATI PBE/B1 0.459 0.397-0.216 0.062—0.198
channel for a “spillover” of partial charges from protonated spin- PBE/B2//B1 = 0.476 0.388-0.206 0.076-0.196
label to neighboring water molecules. Actually, the total charge BLYP/B2//B1 0.479 0.395-0.209 0.073-0.199
: : : : ATI(H™) PBE/B1 0.487 0.370-0.153 0.066—0.035
of ATI(H™) molecule, which equal®ami+) = +1 (au) in the PBE/B2/B1 0.503 0.363-0.145 0.081-0.020
gas phase, decreases upQgn+) = +0.45 when ATI(H) BLYP/B2//B1 0.508 0.368—0.149 0.077—0.023
molecule has an aqueous environment,§ = 41). The ATI=(H0)a  PBE/B1 0.379 0.447-0.142 0.088-0.165
remaining charg@,0ys1 = +0.55 is distributed over the water EE%E/;é/zlﬁél 0.392 0.443-0.138 0.103-0.161
molecules of a cluster ATI(H—(H20)1. This result demon-  AT(H*+)—(H,0),, PBE/B1 0.373 0.438-0.116 0.096—0.054
strates that charged ATI(H molecule causes the polarization PBE/B2//B1 0.383 0.435-0.110 0.110—0.039
of a surrounding water cluster. In the case of deprotonated BLYP/B2//B1 0.380 0.446—0.120 0.106-0.046

(neutral) ATl molecule, as we could expect, there is no by 41 water molecules (here we show spin densities on atoms

significant charge spillover to an aqueous clus@ffoja: < greater than 0.01 au). Calculated electron spin density is
0.02). localized mainly in the nitroxide fragment-ND, whereas spin

To analyze the charge redistribution effects in more details, densities on C3 and C6 atoms of the imidazoline ring and methyl
let us consider the plots of charges on atoms Q) N2 (Qn2), groups are insignificant. One can also see from Figure 8 that
and N4 Qns) vs a numberriy,0) of water molecules surround-  the redistribution of electron spin density induced by protonation
ing ATI(H™) (Figure 9A). One can see the following trends: a and/or hydration of a spin-label molecule occurs mainly in the
positive charg&y; on the nitrogen atom N2 gradually increases  N—Q bond. Therefore, we consider below in more details only
with the rise ofny,0, Whereas a negative char@®, on the the nitroxide fragment of a spin-label.
oxygen atom O1 becomes smaller. The nitrogen atom N4 of  Effects of ProtonationFigure 8 shows that ATI protonation
the imidazoline ring acquires additional negative charge. at the N4 position leads to a certain decrease in the spin density
Computations with the use of two different basis sets (Bl O on N2 atom (paramete]'Nz) at expense of the Spin density on
BZ) gave similar results (Figure 9A, Table 4) Note that the the oxygen atom O1 (paramet%z). For ATl in the gas phase’
water-induced redistribution of charges is determined mainly the total Spin density in the nitroxide fragment remains
by polarization effects rather than due changes in ATl geometry. practically unchanged after ATI protonatioon(o = one +

Actually, when we considered the “naked” ATI(jimolecules 4, = 0.86). In hydrated ATI, parametef,_o, slightly decreases
(without water), which conformations were fixed so to imitate (from 0.83 to 0.81) with ATI protonation.

the water-induced structural changes in ATijHgeometry, Distribution of spin density in nitroxide radicals is usually
computed partial chargé€gos, Quz, andQna remained practically  interpreted qualitatively in terms of the two main resonance
unchanged (Figure 9B). structuresl and Il (Scheme 1) which differ with respect to

3.4.2. Electron Spin Densities on Atonksgure 8 presents  localization of the unpaired electron on O1 and N2 atoms. A
the distribution of spin densities over the atoms of protonated decrease in then, value caused by the protonation of the
and deprotonated ATI molecules in the gas phase or surroundechitrogen atom of the imidazoline ring could be explained by
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Figure 10. Plots of spin densities on atoms Qdof) and N2 ¢ny) in L \; ----- P 2.7 G
ATI(H') vs a number of ED molecules in a cluster ATI(H— w:
(H20)x: (A) computations at PBE/B2//B1 level; (B) computations at 10F [
PBE/B1 level. At the top of the picture the suow( + ony) is presented. [
stabilization of the structuré due to the rise of so-called e —
0 10 20 30 40

“electron withdrawing power” of the N4 atoff.This explana-
tion is consistent with the fact that protonation of the N4 atom Number of H,O molecules

reduces its negative charge (Figure 7). This, in turn, reducesgg,re 11, (A) Plots of spin densityn: (solid circles) and electric
the contribution of the dipolar resonance structlire thus chargeQuz (open diamonds) on the N2 atom vs a number g®H
resulting in the decrease in spin density on the N2 atom. molecules surrounding ATI(H. Open circles correspond toy;
calculated for ATI(H) molecules (“naked” ATI(H)) in the gas phase
with fixed conformations corresponding to that of ATI(Hmolecules
surrounded by different numbers of water molecules. (B) hyperfine
splitting constantas, calculated vs a number of ;@ molecules

SCHEME 1

N

/ N./
No

ﬁ surrounding ATI(H). Calculations at the PBE/B2//B1 level.
p— TABLE 5: Computed Values of the Isotropic Hyperfine
| | Splitting Constant aiso(N2) Calculated for Deprotonated
S) (ATI) and Protonated (ATI(H +)) Forms of
s O s s O ] 4-Amino-2,2,5,5-tetramethyl-3-imidazolineN-oxyl in the Gas
. pod Phase or Surrounded by 41 Water Molecules
I 1 aiso(N2) (G)
system PBE/B1 PBE/B2//B1 BLYP/B2//B1
Effects of HydrationThe hydration of both deprotonated and AT . 7.0 10.6 11.2
protonated forms of ATI molecule causes a rise in a spin density ﬁg(t'('_? o) ;é ig'g iég
on the N2 atom and concomitant decreasegsvalue. A partial ATI _H320+(4|i|20)40 88 132 :
displacement of spin density from the O1 atom toward the N2 AT|(H+)—(H,0)u 9.0 13.2 135

atom can be explained by water-induced stabilization of the

dipolar structurél at expense of the nonpolar structlr&elow

we consider the hydration effects in more details, focusing our suggests that a partial shift of spin density from the oxygen

attention, for certainty, on the protonated form of a spin-label, atom O1 toward the nitrogen atom N2 is determined mainly by

ATI(HT). water-induced polarization effect rather than by structural
Figure 10 shows the plots of parametekg and oo, Vs a distortions of ATI(H") molecule. We would also like to stress

number of water molecules surrounding ATf(;ldemonstrating that calculations performed at different levels theory (Table 4)

the water-induced shift of spin density toward the N2 atom with lead to similar conclusions about the protonation and hydration

a gradual hydration of a spin-label. Calculations performed at effects on spin density distribution in the-XD bond.

two levels of theory (PBE/B1 and PBE/B2//B1) led us to similar 3.4.3. Isotropic Splitting ConstantisgN2). For nitroxide

results. Certain irregularities in the plotsaaf, andoo; observed radicals, the isotropic hyperfine splitting constaqab(N2) is

in the interval 10< nu,0 < 35 could arise from the system determined by spin density(fy) at the nitrogen nucleus.

discreteness, when a water shell around a spin-label moleculeSimilarly to ony (Figure 11A), theaiso(N2) value, which is

is not yet high enough to be considered as a complete hydrationproportional to calculated parametgiry), increases with the

sphere. The total spin density in the-® fragment ¢n—o = ATI(H ™) hydration (Table 5, Figure 11B). However, contrary

onz T 002) slightly decreases<( 0.03-0.05 au) with a spin- to spin densities on atoms, an accurate theoretical determination

label hydration. According to our calculations, a minor spin of spin densities at nuclei is very difficult task. This is because

density (ac. 0.02 au) appears on two water molecules situatedthe calculated spin densities at nuclei are extremely sensitive

in the nearest vicinity of the NO fragment. Note that a water-  to a choice of the computation method (exchange-correlation

induced increase in spin densiby, on the nitrogen atom  functional and basis set). Therefore, we have to compare

strongly correlates with a rise of its char@g (Figure 11A). experimental data with theoretical valuesagf(N2) computed
Similarly to charge plot (Figure 9B), spin density, does at different levels of theory.

not change with those variations of ATI{j geometry that According to EPR dat&deprotonated ATI molecule in water

imitated the water-induced structural changes (Figure 11A). This is characterized by the splitting constagt, = 15.8 G, while
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protonated form of ATl hasas, = 15.0 G. Experimental TABLE 6: Spin Densities on the N2 Nucleus Calculated for
hyperfine splitting constants for gas-phase ATI are not available. Dedp)t&)tonated gﬂd”ProEio%tqd CForms of ATI i‘?h(%/asl Phase
As one of approximations to evaluation of gas-phase ?onStants’%r(])mpﬂtje%OSVSithineth grllPCMe,lArpp(r)orggﬁ”(S[;glg\::ltri o ot
one could take theis, values measured for spin-labels dissolved of Syrrounding Medium € = 78.39¥%

in organic solventé4?i.e., in CCl, and hexane. The comparison

of EPR spectra of a variety of different spin-labels dissolved in 2(N2) (G)

water and CCJ(see refs 1, 7, and 42) shows that the difference PBE/B2//B1 ) PBE/B1
Aaiso = ajso(H20) — aiso(CCly) falls in the interval from 1 to 2 system PBE/B2//B1 (IPCM)  PBE/BL (IPCM)
G. Bearing in mind these data, it is reasonable to propose thatﬁg e 11%(; 11%-2 772 77%
in the gas phase the hyperfine splitting constant should be aboutATI H—(H,0) 111 111 71 71

of ais(gas)~ 13-14 G.
It is well-known that the accuracy @afs, calculations strongly
depends on the computation le¥&f’—3140.43Tg “calibrate” the

functionals and basis sets used in this work with respect of {he yibrational modulations @fss(N2). For instance, according

proper reproducibility ofaiso(N2), in our special work we to ref 40 in 2,2,4,4-tetramethyl-substituted nitroxidaiss(N2)"e"
compared hyperfine constants for spin-labels ATl and TEM- . 1 G.

B3LYP/6-21G, B3LYP/6-31G, B3LYP/6-31G*, B3LYP/6-  enyvironment by using the IPCM approach. However, results of

31G**, B3LYP/6-311G, B3LYP/EPR-II) with the help of  oyr calculations (Table 6) clearly demonstrate that the IPCM
GAUSSIAN98 program. For the functional B3LYP, the basis approach does not help when one wants to evaluate the influence
set 6-31G provided the best (although not exagN2) value. of a solvent polarity on electronic characteristics of ATI. In both
The use of the functionals PBE or BLYP with the basis set B2, cases, deprotonated and protonated ATI, the IPCM approach
which are incorporated into the program package PRIRODA, gives practically the same valuesa,(N2) as in the gas phase.
led us to thea;so(N2) value smaller than that obtained at the Thus, the IPCM method cannot help in simulation of a water-
B3LYP/6-31G level, but better than that obtained at the B3LYP/ jnduced rise ofas(N2) that was, however, successfully com-
EPR-II level. Although the use of the “standard” approach puted by means of the obvious consideration of a water
B3LYP/6-31G gives certain advantages over the calculation environment.

methods used in this work (PBE/B2 or BLYP/B2), we would

like to stress that the program PRIRODA allows low cost 4. Concluding Remarks

computations to be performed without a substantial loss of
computation accuracy for such complex systems as the cluste
ATI(H")—(H20)41. Note that estimations of the relative changes
in the aiso(N2) value due to solvation and protonation effects

were a main goal of this part of our work, rather than a precise rameters of a cluster ATI(H—(H:0), depend on the number

computatlo_n of this parameter. . of water molecules, we came to the conclusion that a water
Table 5 lists theais(N2) constants calculated with the use of - ¢y ster ofny,o = 40 water molecules can be considered as an

different functionals and basis sets. One can seedb@N2)  ghnropriate model for a complete aqueous shell around ATI.
determined at the levels PBE/B2//B1 or BLYP/B2//B1, which |4 5 reasonable agreement with experimental data, calculated
_have been used in most ofourcalculatlo_ns, are closer to eXperglectron spin density on the nitrogen atom of the nitroxide
imental constants thqn that computed with the_ use of B1 bas's-fragment increased with a stepwise surrounding of a spin-label
For ATl and ATI(H") in the gas phase, calculations at the level qjecyle with water. Hydration of a spin-label caused certain
BLYP/B2//B1 giveaiso(N2) = 11.2 G andaiso(N2) = 11.5 G, changes in its geometric parametet®nd lengths and angles.
respectively. Smaller values, 10.6 and 10.5, were obtained atpowever, it was demonstrated that it is the water-induced polar-
PBE/B2//B1 level of computations. Calculations with the use of j,ation effect rather than changes in a spin-label geometry that
basis B1 lead to substantially underestimated valuegN2). caused the increase in the isotropic splitting consaagiN2).
Figure 11B shows the plot ofiso(N2) vs a number of As one can see, most properties of ATH{{Hmolecule
surrounding water molecules (calculations at PBE/B2//B1 level). (geometry parameters, charges and spin density on atoms), apart
Parameterais(N2) nonmonotonically change with gradual from the stabilization energy of the complex per added water,
expansion of a water shell around ATH{H When an aqueous  already converge at abont= 10 water molecules in a cluster
sphere around ATI(H) becomes completeng,o = 41), the ATI(HH)—(H20),. Thus, about 40 water molecules considered
water-induced rise o&iso(N2) comprisesAaiso(N2) ~ 2.7 G, in our calculation might seem to be overkill for simulating the
which is typical of experimental difference between the hyper- solvent effects. However, certain precautions should be taken
fine splitting constants measured for various nitroxide radicals into account for an adequate modeling of the full first solvation
dissolved in water and nonpolar solvehtsComparing the shell by means of static cluster calculations. Actually, each of
results obtained with different functionals for hydrated ATl optimized clusters ATI(H)—(H2O), represent only a single
molecules (Table 5), one can see that functionals BLYP and configuration in a statistical ensemble of microscopically
PBE provide values ofiso(N2) underestimated by 1-51.8 G. different states. Therefore, some other but equally probable
Concerning certain underestimations in computations of microscopic arrangements of a cluster might lead, in principle,
aiso(N2) with PBE and BLYP functionals, we would like to note  to a somewhat different convergence behavior as a function of
that there is an obvious trend of increasiag(N2) with the the number of the surrounding water molecules. The averaged
rise of ny,0. Therefore, one might expect to obtain realistic parameters of a cluster should be more faithfully determined
values ofajso(N2) if more water molecules were involved into by running a molecular dynamics simulation of the spin-label
an aqueous sphere around ATI. Further improvements of in agueous solution, and statistically sampling the resulting
calculatedaiso(N2) might occur due to proper corrections for configurations (for more details see ref 43). Therefore, to provide

aComputation levels PBE/B1 and PBE/B2//BIThe data presented
correspond to the AT (H20)s cluster shown on Figure 2.

The main question of this work has been formulated as
§ .
follows: how many water molecules should be considered for
an adequate simulation of the first hydration sphere around a
spin-label ATI? Investigating how structural and energy pa-
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more reliable results for static clusters, it is necessary to consider

a rather large water shell (in our modeh,o = 41), because

relative fluctuations of calculated parameters should decrease

with the rise in a number of water molecules.
Calculating the energy characteristics of ATl molecule
surrounded by water, we came to the conclusion that ATI
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