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Abstract. To calibrate electron spin echo envelope modulation (ESEEM) amplitudes with respect to
the deuterium water content in spin-labeled biological systems, ESEEM of nitroxide TEMPO has
been studied in frozen glassy D,0-dimethylsulfoxide mixtures of different composition. The interac-
tion between the unpaired electron of nitroxide and the deuterium nuclei manifests itself in a cosine
Fourier transform spectrum as the sum of a narrow line with the doublet quadrupole splitting and of
a broad one. The narrow line arises from interaction with distant deuterium nuclei, the broad one
arises from interaction with nearby nuclei belonging to nitroxide-water molecule complexes. The de-
pendence on water concentration was found to be nonlinear for the intensity of the narrow line and
close to linear for the intensity of the quadrupole doublet. Therefore, the intensity of the quadrupole
doublet is suggested as a measure of concentration of free water around a spin label in biological
objects. Fourier transform line shape was theoretically simulated for different model distributions of
water molecules around the spin label. Simulations confirm the linear dependence of the quadrupole
doublet intensity on water concentration seen in the experiment. The suggested approach was ap-
plied to analyze data for spin-labeled dipalmitoylphosphatidylcholine (DPPC) and DPPC-cholesterol
D,0-hydrated model membranes. The concentration of free water near the spin-labeled fourth carbon
atom along the lipid chain was estimated as 5.2 and 7.2 M for DPPC and DPPC-cholesterol mem-
branes, respectively.

1 Introduction

Penetration of water into membranes influences the membrane permeability and
supramolecular structure of the embedded peptides and therefore the total func-
tioning of biological cells. It was studied by different experimental and theoreti-
cal approaches [1-3]. Recently, a new approach [4-7] has been suggested which
uses the advantage of the electron spin echo envelope modulation (ESEEM).
ESEEM originates from anisotropic hyperfine interaction (HFI) with nearby nu-
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clei [8, 9]. Comparison of ESEEM amplitude taken for lipids spin-labeled at dif-
ferent positions along the lipid chain allows studying the water penetration pro-
file. In these works deuterated water D,0O was used to distinguish hydrogen at-
oms of water from those of lipid molecules and to increase the amplitude of
ESEEM that is known to be much larger for deuterons at the X-band.

ESEEM induced by interaction of spin labels with surrounding water also has
been used to elucidate the location of spin-labeled peptide embedded into the
model phospholipid membrane [10]. This was done by comparing the ESEEM
results with data on water penetration profile obtained in ref. 6.

However, for the lack of the quantitative calibration of ESEEM amplitude, in
refs. 47 only the shape of the water penetration profile was studied. For more
detailed information, quantitative data are desirable. It is the purpose of this pa-
per to get the calibration of the ESEEM amplitude that would allow obtaining
the local water (D,0) concentration.

We use nitroxide 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) dissolved in
glassy D,0O-dimethylsulfoxide (DMSO) mixture as a model system. This solvent
allows varying water content in a wide range, simultaneously keeping the capa-
bility to form a low-temperature glass that is an important precondition for ob-
servation of the ESEEM phenomenon.

Nitroxides are known to form complexes with OH-containing molecules by
hydrogen bonding between oxygen atoms of a nitroxide and hydrogen atom of
an OH group [11-16]. The complexes may contain one or two ligand molecules.
The formation of nitroxide complexes in solvents containing OH groups (metha-
nol-toluene, ethanol-toluene, water-glycerol) has been studied using a two-pulsed
ESE technique [8]. In the present work we use a three-pulsed stimulated ESEEM
[8, 9] which provides more simple and resolved spectra at the frequency domain.

The suggested approach is additionally testified for solutions of nitroxides in
methanol CH,OD.

2 Experimental
2.1 ESEEM Experiment

Stimulated ESEEM was studied using a Bruker ESP380 Fourier transform (FT)
electron spin resonance (ESR) spectrometer equipped with a homebuilt low-Q
resonator suitable for measurements with a quartz Dewar filled with liquid ni-
trogen. A microwave pulse sequence m/2—r—7/2—T—n/2 with a pulse duration
of 16 ns was used. The interval between the first and second pulses 7 was equal
to 200 ns in all measurements. The ESEEM was recorded by scanning the T delay
starting from 80 ns, with a step of 16 ns, covering the range of 550 points. The
unwanted echoes were eliminated using a Bruker PulseSpel Software, applying
a four-step phase cycling program +(0, 0, 0), —(0, =, 0), — (=, 0, 0), and +(=, «, 0)
[17]. The spectrometer magnetic field was set to the maximum of the nitroxide
EPR spectrum.
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2.2 Materials

As a spin probe we used a stable nitroxide TEMPO. DMSO (Sigma), D,0 and
methanol CH;OD (Isotop, St. Petersburg; deuterium content of 99%) were used
without further purification. The concentration of D,O in a D,0-DMSO mixture
was varied from 9.3 to 27.9 M. This concentration range was selected to provide
a glassy state upon freezing to 77 K. In methanol solutions, 5% of ethanol was
added to avoid crystallization. The TEMPO concentration was 1072 M.

2.3 Simulations

Simulations were performed using a 12-processor computer cluster (12 X 2.53 MHz
Pentium 4 CPU, PC Linux OS).

3 Results and Discussion
3.1 ESEEM of Nitroxide TEMPO in a D,0-DMSO Mixture

ESEEM amplitude as a function of the delay 7 between the second and the
third pulse, V(7), was studied for glassy solutions of stable nitroxide TEMPO
in D,0-DMSO mixtures of different composition. From experimental V(7) de-
cays we obtained a normalized ESEEM decay [6], V (T) = V(T)/{V(T)) — 1,
where a smooth function {¥(7)) was obtained by fitting the oscillating In(¥(T))
experimental decays by a polynomial function. Figure 1 shows some examples
of V(T) time traces. One can see that these traces oscillate around zero. Data
in Fig. 1 shows that the ESEEM depth depends on the D,0O concentration.
In our analysis we used the cosine FT:

F. = jV (t) cos(2mfi)dt , (1)

where ¢t = 7+ T is taken in microseconds, 7= 0.2 us, f is frequency in megahertzs,
the values ¢, = 0.28 us and ¢, = 9.064 ps present the experimental range of ¢ varia-
tions. Note that the form in which the variable ¢ is taken here corresponds to the
theoretical expressions known for stimulated ESEEM [8]. Fourier transforma-
tion Eq. (1) was performed numerically with a homebuilt computer program.

Note that the suggested data treatment results in spectral densities which have
absolute values and may be used for comparison of different D,O-containing
systems.

Figure 2 shows spectral densities F obtained by applying Eq. (1) to experi-
mental V,(7) time dependences shown in Fig. 1. Several features are seen in
Fig. 2: a narrow line with a central frequency of 2.28 MHz and a half-height width
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Fig. 1. Normalized stimulated ESEEM (see text) for TEMPO solutions in D,0-DMSO mixture. The D,0
concentration is 9.3 and 26.4 M for curves 1 and 2, respectively. Curve 2 is shifted upwards by 0.5.

of about 0.26 MHz; this line is splitted into a doublet; and a broad line covering
the range from 1.5 to 3.5 MHz with a half-height width of about 1 MHz.

According to the analysis performed in ref. 6, the narrow line is caused by
weak interaction of the unpaired electron of nitroxide with distant deuterium
nuclei. Doublet splitting is induced by weak nuclear quadrupole interaction of deu-
terium nuclei in water molecules. The broad line arises from strong interaction
between the unpaired electron and deuterium nuclei in a water molecule coupled
with nitroxide via hydrogen bonding.

The main goal of this work is to find suitable spectral parameters for esti-
mating water concentration in the vicinity of spin labels. As possible candidates
for these parameters we have chosen the intensities of the narrow 4, and broad
Ag lines and the intensity of the quadrupole doublet A. Figure 2 depicts how these
parameters are measured. Figure 3 presents the experimental dependences of the
intensities of the narrow (4,) and broad (4;) lines for frozen glassy D,0-DMSO

|
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Fig. 2. Cosine FT of data shown in Fig. 1. Curve 2 is shifted upwards by 0.1. Three spectral param-
eters — intensity of the narrow line Ay, intensity of the broad line Ay, and intensity of the doublet
splitting 4 — are shown.
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Fig. 3. Dependence of the intensities of the narrow (1) and broad (2) lines for TEMPO in a
D,0-DMSO mixture at 77 K (see Fig. 2). The points at zero concentration were obtained for a glassy
H,0-DMSO mixture. The curves are the second-order polynomial fits.

mixtures as a function of water concentration, [D,0]. The curves drawn in Fig. 3
are the second-order polynomial fits.

The half-height widths of both narrow and broad lines were found to be in-
dependent on water concentration (data not given).

Figure 3 shows that intensities of the narrow and broad lines both increase
with increasing [D,0]. However, these dependences are not linear. For the broad
line that is assigned to the interaction of spin labels with bound water [6], this
nonlinearity may be readily explained by the formation of radical-water complexes
whose concentration must depend on [D,0O]. As the narrow line is assigned to
the interaction of spin labels with distant deuterons [6], which are expected to
belong to free bulk water only, its intensity is expected to be proportional sim-
ply to [D,0O]. The nonlinear dependence of A4, on [D,0] may be explained by
the disturbance of the water molecules distribution in the close vicinity of the
spin label because of formation of nitroxide-water complexes.

So, our experimental data show that the narrow line is not good enough to
serve as a tool for the measurement of free D,0 concentration because it seems
to depend on the formation of complexes. For different spin-labeled systems, both
the constant of the complex formation and the structure of the complexes may
differ, which will influence the relation between water concentration and the in-
tensity of the narrow line.

The intensity of the quadrupole doublet denoted in Fig.2 as A4 also depends
on water concentration (see Fig. 4). As follows from Fig. 4, for water concentra-
tion below 20 M the 4 value dependence on [D,0] may be described as a linear
function

A= d[D,0]. (2)

The empirical d value obtained from the slope of the straight line in Fig. 4
is (1.0+0.12)- 1073 ps/M.
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Fig. 4. Dependence of the intensity of the quadrupole doublet 4 (see Fig.2) on water concentration.
Straight line is drawn through the experimental points for concentrations below 20 M. The point at
zero concentration was obtained for a glassy H,O0-DMSO mixture.

Therefore, for quantitative estimation of the free water concentration one may
use the quadrupole doublet and the empirical Eq. (2) for its intensity. The reason
why this intensity, different from that of the narrow line, is linearly dependent
on water concentration will be analyzed below on the basis of the results of theo-
retical simulations.

3.2 Results of Theoretical Simulations

The method described in the Appendix was used to simulate cosine FT spectra
of normalized ESEEM for various models of deuterium nuclei locations regard-
ing the spin label. Figure 5 shows the results for a randomly oriented electron—
deuteron pair, for different distances R in the pair. One can see that the spectral
line in Fig. 5 is centered at the deuteron Larmor frequency. Its width is about
0.20 MHz for large distances R and increases with decreasing R. If R exceeds
0.5 nm, a doublet splitting is observed in the spectra. This splitting is ascribed
to the deuteron quadrupole interaction. (According to our estimations, at 0.5 nm
the magnitudes of HFI and nuclear quadrupole interaction [NQI] become compa-
rable.) Both the line width and the doublet splitting resemble rather well the ex-
perimentally observed line shape for the narrow line (see Fig. 2).

Our simulations of ESEEM in nitroxide-water complexes with the geometri-
cal parameters used in ref. 6 (data not given) reproduced rather well previously
published data [6]. These simulations resulted in a broad line very close to that
seen in Fig. 2.

The narrow line emerges in Fig. 5 at smaller distances as compared with the
distances for which the quadrupole splitting appears. So, if water distribution in
the nearest surrounding is disturbed because of formation of water-nitroxide com-
plexes, this may manifest itself in the intensity of the narrow line but simulta-
neously may not influence the intensity of the quadrupole doublet, if these dis-
turbances are located closer than 0.5 nm to the spin label.
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Fig. 5. Cosine FT (F) simulated for a model system consisting of one bulk water deuteron located
at a distance R from the unpaired electron. The angle y between the symmetry axes of HFI and NQI
tensors (see Appendix, Eq. (A30)) is averaged.

Figure 6 shows the calculated FT spectrum for the system in which bulk water
is distributed uniformly outside a spherical cavity of radius R . The calculation is
given for D,O concentration of 26.4 M. As follows from Fig. 6, 4 depends sub-
stantially on the distance R ;. Similar dependences were found for other water con-
centrations (data not given).

Figure 7 shows the dependences of the normalized intensity of the quadru-
pole doublet, d_,, = 4/[D,0], as a function of [D,0], for various R, ;. Figure 7
shows that d_,. is almost independent of water concentration for each given value
of R, within the employed range of 0.35 nm < R, < 1.5 nm. This result is in
full agreement with the experimental observation presented by empirical Eq. (2).

Figure 8 demonstrates the parameter d . as a function of R ;. (As was
shown in Fig. 7, this parameter is almost independent of water concentration.)
The d_,, value reaches its maximum at R_;, = 0.5 nm. As was already mentioned,
at this distance the value of anisotropic HFI is close to the quadrupole split-
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Fig. 6. Cosine FT (F) simulated for a model system consisting of an unpaired electron at the center
of an empty spherical cavity of radius R, surrounded by the molecules of bulk water with concen-
tration [D,0] = 26.4 M.

ting value. When R ;, < 0.5 nm, the anisotropic HFI smoothes the quadrupole
splitting, and d decreases with decreasing R, ;.. For R, > 0.5 nm, the d value
decreases with increasing R, due to the decrease of the electron—nuclear inter-
action.

The experimental value d = 1.0- 1073 us/M (see above) corresponds to two
possible distances R, ;,, 0.4 and 0.6 nm in Fig. 8. Note that the distance of 0.4 nm
approximately corresponds to the radius of the second coordination sphere (see
ref. 6 for the detailed geometry).

It is interesting to estimate for a given R, the thickness of the water layer
which makes the largest contribution to the quadrupole doublet amplitude A. To
this end, we calculated the A values for the case when free water is enclosed
between two spheres of radii R, and R, ... The analysis performed indicates that
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Fig. 7. Calculated d_,. value versus the concentration (see Eq. (2)) for the model presented in Fig. 6
for different radii R, of a spherical cavity.
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Fig. 8. Simulated dependence of the d . value (see Eq.(2)), averaged over free water concentration

given in Fig. 7, as a function of the radius R
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for various values of R, lying in the range from 0.4 to 0.7 nm the main contri-
bution to the quadrupole doublet intensity (about 75%, data not given) arises from
water molecules located at the distance R < R, = 1 nm. This estimates the ef-

fective size of the spin probe for determining free water concentration.

3.3 TEMPO Solutions in CH,0D

To additionally prove the suggested calibration, we applied it to another system of
frozen glassy solutions of nitroxide TEMPO in methanol CH,OD. Deuterium
concentration in this system is 24.7 M. We obtained FT spectra (data not given)
very similar to those shown in Fig. 2, with 4= 0.01+0.0015 pus. Assuming the
validity of Eq. (2) for this system and taking into account that the number of
deuterium nuclei in CH;OD is twice less than that in D,O, the deuterium con-
centration is estimated as 20+5.4 M. This value is close to the actual one.

3.4 Water Concentration in Hydrated Model Lipid Membranes

Finally, we apply the suggested analysis for estimating water concentration in the
nearest environment of spin labels in hydrated lipid model membranes. Figure 9
shows the cosine FT spectra for D,0O-hydrated dipalmitoylphosphatidylcholine
(DPPC) model membranes with added lipids spin-labeled at fourth carbon posi-
tion along the lipid tail, with and without cholesterol. These spectra were ob-
tained from original ESEEM time traces (with fixed 7= 204 ns) [6], kindly pre-
sented by D. A. Erilov (Institute of Chemical Kinetics and Combustion, Novosibirsk,
Russia), which we treated exactly in the same way as described above. One can
see that spectra shown in Fig. 9 are very similar to those presented in Fig. 2. The
A values derived from Fig. 9 are (5.2+1.0)-107%and (7.2+£1.4)-1073 ps for spin-
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Fig. 9. Cosine FT of experimental ESEEM for spin-labeled D,0-hydrated DPPC membranes (see
Fig. 2). Curve 1, DPPC membranes; curve 2, DPPC-cholesterol (1:1 mol/mol) mixture membranes.
Curve 2 is shifted upwards by 0.05.

labeled lipids in DPPC and DPPC-cholesterol model membranes, respectively. Wa-
ter concentrations near the spin labels estimated from given experimental A val-
ues using Eq. (2) were found to be 5.2+1.8 and 7.2+2.4 M in DPPC and DPPC-
cholesterol membranes, respectively.

As was indicated above, the interaction between a spin label and free bulk
water deuterons spreads to 1 nm. It is known for the hydrated DPPC membranes
that the distance from the fourth carbon atom to the water layer also is about
1 nm [18]. It makes necessary the analysis of the interaction between the spin
label and free water located outside the model membrane, at its natural concen-
tration of 55 M. By the method given in the Appendix, cosine FT ESEEM spec-
tra were calculated for spin labels located at the distance R, from the plane re-
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0.000 + T
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Fig. 10. Simulated dependence of the quadrupole doublet intensity A (Eq. (2)) as a function of dis-
tance R ;, from D,O-filled half-space ([D,0], 55 M).
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stricting the infinite half-space filled with water. Figure 10 shows dependence of
the quadrupole doublet intensity A on the distance R, . The curve in Fig. 10
indicates that at the distance of 1 nm the A value is about 1073 us/M, which is
substantially lower than the aforementioned experimental values. This justifies
neglecting the influence of water outside the model membrane in the present
estimation of water concentration near the spin labels.

4 Conclusions

ESEEM in solutions of nitroxide TEMPO in frozen glassy D,0-DMSO mixtures
shows that cosine FT contains narrow and broad lines centered at the deuteron
Zeeman frequency. Simulations show that the narrow line is produced by distant
nuclei while the broad one by close nuclei from nitroxide-water complexes. The
narrow line manifests a doublet splitting which is induced by NQI.

The experimentally found dependence of the narrow line intensity on water
concentration is nonlinear, which may be explained by disturbance of the wa-
ter molecules distribution in the close vicinity of the spin label because of for-
mation of the nitroxide-water complex.

From the other side, experimental data show that the quadrupole doublet in-
tensity is linearly proportional to free water concentration. This linear dependence
is confirmed also by theoretical calculations. According to these calculations, qua-
drupole splitting arises at distances larger than those where the narrow line ap-
pears, therefore the mentioned disturbance at small distances here could be less
important.

On the basis of this finding, a method for estimating water concentration near
the spin label may be suggested which involves measuring the quadrupole dou-
blet intensity and comparing it with the calibrated dependence obtained in this
work for a D,0-DMSO mixture. This method was additionally testified in this
work for solutions of the spin label in methanol CH,OD.

Using the obtained calibration, for the D,O-hydrated model phospholipid
membranes the concentration of free water around the spin-labeled fourth car-
bon atom along the lipid tail was estimated to be 5.2 and 7.2 M for DPPC and
DPPC-cholesterol membranes, respectively.

It is shown in simulations that free water filling the intermembrane space does
not influence ESEEM of spin labels located further than 1 nm from the mem-
brane surface.

Appendix: Calculation of ESEEM Effects for Different Models
of D,O Distribution
A.1 General Consideration

Spin-echo signals were calculated assuming the full excitation of ESR spectrum
by ideally nonselective microwave pulses. It has been known that stimulated
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ESEEM due to the interaction with N nuclei can be presented in this case as [19,
20]

N N

V(r,T) = %Re(H Tr(Ge (e,1)) + [ Tr(G/ (T,T))j , (A1)

i=1 i=1

where

1
G (r,T) =
F@D 21 +1

i

exp {—ijﬁ‘ (t+ T)} exp {—ijl.ﬂr} exp {ijf‘ (t+ T)} exp{ijiﬂr} ,

G,.ﬂ(r,T)z 211+lexp{—ij,.ﬂ(r+T)}exp{ 1J"‘ }exp{l.]ﬂ(r+T)}exp{1J“ } (A2)

and operators jia(ﬂ ) are given by

JD = o, I + ;(A’ I AT+ AT )+ Ay (A3)

ZXT X 7227z

Here, A" is the complete HFI tensor (isotropic and anisotropic components)
and @%Q’i is the NQI Hamiltonian for the ith nucleus

Ty =, 101 (A4)

HV=X,y,Z

The approximation of the axially symmetric HFI and NQI tensors was used
in all calculations performed in this work. In this case the HFI tensor is of the
form

Ay = A8, + (A = A0 )mn,

where n’ is the unit vector along the axial direction of HFI tensor. In the di-
pole—dipole approximation this vector is directed from the unpaired electron to
the ith nucleus, and the HFI tensor can be approximated as

uv i uv i

A =as +T.(5 ~3nini ).

Here, a, and T, are the constants (in units of cyclic frequency, s™!) of isotro-
pic and dipole—dipole HFI, respectively:

8.5.8,Px
i h}’f .
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Thus, for the deuterium nucleus 7, (MHz) = (2n)~'-107°T, (s7') = —0.012136/°,
where 7 is the distance between the unpaired electron and the deuteron (in na-
nometers). Analogously, the axially symmetric NQI tensor (in units of cyclic fre-
quency, s~!) is given by

, nCy .
i =37, ) U~ Ow):

where Cé = Cb (Hz) is the NQI constant for the ith nucleus, and the unit vector
u’ defines the axial direction of the NQI tensor.

To perform calculations, it is convenient to detail Eq. (A2) for G/ (z,T)
and, e.g., G7(r,T) can be represented as follows [19-21]:

o
mm'm m

G*(r,T)= > B% .. exp(—ig,fj"'t —ielit +igsit + ig,f:,fz') : (AS)
m,m'’,
.

In this equation, r = 7+ T, and &2/ (m = ~I,,...,1,) are the eigenvalues of
operators J(* and J, respectively. The coefficients BZ',... are given by the

product of four overlap integrals S, = (m,|mj) of eigenfunctions [m,;) and
|mf,,) of the operators J{“ and J*, respectively:

B = St (Sh Y Sh (S5 )

mm'm"m" mm’ m”m"

In a similar fashion, we have

G2, T) = Y Bl exp(—ielit —iel'c +iclit +ielit). (A6)

mm’ m” m”

m,m’,
,,,,,

In this case the following condition is satisfied: B’/ . ., =B% , . . Equati-
ons (AS5) and (A6) are convenient and quite sufficient for a single calculation of
the ESE signal. However, they contain a fourfold sum with respect to m, m’,
m” and m". That is why, due to cumbersome calculations, their use is ineffec-
tive for averaging of the stimulated echo signal simultaneously over all possible
orientations of the paramagnetic center, spatial distribution of nuclei and prob-
ably over other parameters of the model. Nevertheless, in the case of stimulated
echo signal the use of the symmetry of coefficients B/ ., with respect to both
the rearrangement of indices and complex conjugation allows us to reduce the
fourfold sum in Egs. (A5) and (A6) to the twofold one. This method, similar to
that used in ref. 22, allows us to accelerate ESEEM calculations almost 100 times
even for the spin /=1 of deuteron.

For further analysis, let us divide all N deuterons into two groups: N = 2k + N,
The first group includes 2k deuterons (k= 0, 1, 2) of k& water molecules bound

with the complex with nitroxide. The second group contains N, deuterons of bulk
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(matrix) water molecules for which both their distance and the orientation of their
NQI tensors are randomly distributed relative to the complex of nitroxide with
k molecules of bound water. Of particular interest is the limiting case: N, — o,
which will be considered here for two models. In the first model the complex
of the nitroxide with & molecules of bound water is spherically symmetric, sur-
rounded by bulk water deuterons and is located (relative to the unpaired elec-
tron) at the center of an empty spherical cavity of radius R ;. The system con-
tains the complexes with random orientations relative to the external magnetic
field B which is parallel to the z-axis of the laboratory system of coordinates.
The concentration [D,0] of the surrounding water (and as a result, the concen-
tration Cp of deuterons Cp = 2[D,0]) beyond the cavity may vary. In the sec-
ond model the position of the nitroxide complex with & water molecules is fixed
relative to the infinitely thick D,O layer approximated by the D,O-filled half-
space so that the effective distance from the unpaired electron to the half-space
surface is also equal to R_,. The orientation of the entire system (the complex
plus the D,O-filled half-space) is considered as random with respect to the mag-
netic field B.

To obtain the spin-echo signal for the models under study, we should per-
form the integration over three Euler angles that define current orientation of the
complex. In addition, for each current orientation of the complex it is necessary
to perform averaging over three random spatial coordinates of each bulk water
deuteron and three angular coordinates that define the orientation of NQI ten-
sor of this deuteron with respect to the complex. However, it readily follows
from Eqs. (A1)—(A4) that in the case of the full excitation of the ESR spec-
trum, ESEEM is independent of the rotation of the entire system as a whole
through an arbitrary angle y about the direction of the external magnetic field
B (z-axis of the laboratory system of coordinates). Moreover, ESEEM due to
HFI with N nuclei (in the presence of NQIL if 7, = 1) will not change if both
HFI and NQI tensors of one of these nuclei (e.g., i) are rotated simultaneously
through an arbitrary angle y about the B direction. Indeed, TGP (z,T)) in
Eq. (A1) are independent of the arbitrary unitary transformation M, ie.,

Tr(GE(2,T)) = Tr (MGf<ﬂ>(r, )M ) .

The independence of the ESE signal of angle y can be verified quite readily
if we choose operator M as

Vi exp(-in).
and take into account that [23]

VN =Y my

H=x,3,2
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Here, m is the orthogonal (m™' =m), real 3X3 matrix corresponding to the

rotation of a vector on the angle y about the z-axis.

The independence of the ESE signal of the rotation of the spin system as a
whole about the B direction allows us to perform the averaging only over two
Euler angles, 8 and ¢ (Fig. 11), that define orientation of the spin system (first
rotation on the angle € about the y-axis of the laboratory coordinate system and
the second rotation on the angle ¢ about the new direction z’). Assuming that deu-
terons in coordinated water have fixed positions relative to the nitroxide, and that
the spatial distribution of bulk water deuterons and their NQI tensors orientations
are random, we have the following expression for the stimulated ESE signal:

N,

VO (e,T) = %Re [TTe(ce (T,T))(Tr(ga(r,r)‘)') :
i=1
+ﬁTr(Gﬁ'(r,T))(Tr(gﬂ(r,T)))Nb , (A7)

where Tr(G*”(z,T)) and Tr(g*#) (r,T)) are the contributions to the stimulated
ESE signal from the deuterons of bound and bulk water molecule, respectively.
The single line atop in the Eq. (A7) means the averaging over the angles 6 and
@ defining the orientation of entire system, i.e.,

]5 51n0.[d¢7X(9 2).
0

coordinated bulk waterdeuteron

bulk water

Fig. 11. Geometrical model used in simulations shown in Fig. 10. The axially symmetric NQI tensor

of free water deuteron is shown as an ellipsoid and vector u shows the axial direction of this tensor.

The y-axis of the laboratory coordinate system is chosen here parallel to the surface of bulk water.
See text for details.
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The double line atop in Eq. (A7) means the averaging of the contributions to
the stimulated ESEEM originating from the interaction between the unpaired elec-
tron of the complex and one of the N, deuterons of bulk water. This averaging
is performed over both the possible orientation (relative to the complex) of deu-
teron NQI tensor and all admissible spatial locations of this deuteron. In Eq. (A7)

it is taken into account that Tr(g%? (z,T)) values depend on the orientation of

the spin system as a whole, i.e., they can be functions of the angles & and ¢.
However, it is clear from the symmetry of the system that in the model of spheri-

cally symmetric distribution of bulk deuterons about the nitroxide, Tr(g*# (z,T))
are independent on & and ¢, while in the model of infinitely thick D,O layer
(D,O-filled half-space) they depend only on the angle & (Fig. 11). A further sim-
plification of the problem is due to the fact that the deuteron NQI tensor used
here is axially symmetric with the symmetry axis directed along the OD bond.
Thus, the averaging over all possible relative orientations of the NQI tensor can
be performed over only two angles, y and y (Fig. 11). Moreover, it follows from
the symmetry of the system that the range of y angle variation can be reduced
by a factor of two: 0 <y < m/2. It is convenient to perform the averaging over
all admissible spatial deuteron locations 7 in spherical coordinates (r, £, @) shown
in Fig. 11. In terms of the aforementioned assertion Tr(g*#(z,T)) is indepen-
dent of the azimuth angle ¢, while the range of the admissible range for this
angle is determined by both the model of bulk D,O distribution and current (&
and ¢ angles) orientation of the system as a whole. Therefore, in some symmet-
ric cases the integration over the angle « can be performed analytically.
In the general case we have

a— ( 393 ) a
Tr(g*P (z,T)) = l dv%<Tr(g <ﬂ>(f,T))>w. (A8)

Here, V is the system volume, dv = r?sin fdrdfde, c(r,0,9) is the current
(i.e., depending on & and ¢) concentration of bulk water deuterons, so that

N, =jc(r, 0, p)dv .
Vv

The partial double averages (Trg“”’(z,T)),, in Eq. (A8) depend on r and f.
They are defined as

/2

2n
<Tr(g”‘(ﬂ)(r,T))>W = [dysiny | ‘;—’;Tr( g“P(@,T)). (A9)
0 0

Since lim, <Tr(g"‘(ﬁ)(z',T))> =1, and the volume integral
v

! (1 - <Tr( gb) (T,T))>W )dv
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has the finite limit at V' — o (i.e., at N, — o, too), it follows from Eq. (A8)
that

_\N,
A}:Tw(Tr(ga(ﬂ)(r,T))j = exp {—;[dvc(r,@, 0) (1 - <Tr(ga(ﬂ)(f,T))>W )} . (A10)

It is worth noting that due to the factor c(r,d,9) the limit in Eq. (A10) de-
pends, in general, on the angles 8 and ¢. Using Eq. (A10) we have from Eq. (A7)
in the limiting case of N, — o a general formula for calculation

V(k)(l' T) — %RG[HTI’(GG(T T) exp{ IdVC(l‘ 0 ¢)( < r(ga(T,T))>W )}

i=1

+ ﬁTr(Gf (r,T))exp{—fdvc(r,H, ) (1 - <Tr(gﬂ (, T))>w )}J . (A1)

A.2 Calculations for Concrete Models

For the model of spherically symmetric distribution of D,0 molecules around the
nitroxide, we have

_ _ CD’ if r> Rmin;
c(r,0,9) = c(r) = (A12)
0, else.

For the model of a thick layer (half-space) filled with D,O, for the geometry
shown in Fig. 11 the following relation holds

C,, if sgn(cos@)cos f < —
c(r0,0) = el pr0) =] 1 NSNS IOSHI

0, else. (A13)

—sin fcos |tan 9|

With Eq. (A12), for the spherically symmetric model of D,O distribution the
integral over the angle « is easily calculated

2 2nCy, if ¥ 2 R,
(A14)

I c(ryda =

0 0, else.

With Eq. (A13), for the model of D,O-filled half-space (Fig. 11) calculations
result in
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2 2mC W (0 if F>R
jc(r,ﬁ)da:{ RCW (O, ), 1 72 R (A15)

0 0, else.

Here, for 6 # 0,m/2, 7,

0, if sgn(cos@)cos 3 > — L + sinﬁ|tan t9|;
r|cos 6’|

1 R .
—arccos| — 22— + cot fcotd |, if
b rsin f#sin @

w@,r,p) = R R
———min___ sin,l?|tan49| < sgn(cosf)cos f < ———min__ 4 sin,B|tan9|;
r|cos 49| r|cos 67|
1, if sgn(cos@)cos f < — Ryp _ sinﬂ|tan9|; (Al06)
r|cos 9|
and for @ =0or @ =m,
0 0, if sgn(cosé)cos S > —&;
WH },r,p’j = d (A17)
T

. R.
1, if sgn(cos@)cos f < ——22;
,
whereas for 6 =mn/2,

R .
0, if sin § < —/%;
wlZ . pl= " (A18)
277 1 R . R
—arccos mn 1 if sin f > —2,
b r

rsm

Substituting Eqs. (A12) and (A14) into Eq. (A11) we obtain that for the spheri-
cally symmetric distribution of D,O the following expression is valid

R,

‘min

1 2k «
VO (2,T) = ERe [1Tr(Ge (T,T))exp{—41tCD J. drr? (1 - <Tr(g“ (T,T))> ﬁ,)}
L 2

i=1

+ ﬁTr(G{B (T,T))exp{—4nCD T drr? (l - <Tr(gﬁ (T,T))>Wﬂ )}] , (A19)
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where the partial triple averages (Tr(g*®(z,T)))
pendent of the angles 6 and ¢

,wp depend on 7, but are inde-

<Tr(g“(ﬂ) (T’T))>zu/ﬂ = ]Edﬁ sit;ﬁ <Tr(g“('3)(r,T))>

0 v

Note that (Tr(g*# (r,T))) Ly can be considered as an averaged contribution
from one deuteron located at a fixed distance r from the paramagnetic center.
This contribution is averaged over all feasible orientations of deuteron with re-
spect to the paramagnetic center and is additionally averaged over the random
relative orientation of the axial HFI and NQI tensors of this deuteron. It follows
from Eq. (A19), that in the case of the spherically symmetric distribution of bulk
D,O the contributions to the stimulated ESEEM from the deuterons of coordi-
nated and bulk water molecules are uncorrelated.

Similarly, in the case of the model where D,0 occupies a half-space, the
substitution of Eq. (A15) into Eq. (All) gives

2n

1 (% sing do 2t
y®(,T) = ERe(}[d@%exp {—2ncD <D“(r,T)>Wﬂr} { Z—:H Tr(Ge(z,T))

+ jfd& sir219

0

exp {—zncD (D', T))W ! }Zj‘;—fﬁ Tr(G/ (T,T))j . (A20)
0 i=1

Here, the fourfold integrals (D*#(z,T))
the form

s depend on the angle & and have

(D@1 = j drrZ]:d,Bsin,BW(H,r,ﬂ) (1—<Tr( g (T,T))>”/ ) (A21)

‘min

whereas the factor W(6,r,) in this formula is given by Egs. (A16)—(A18).

Equations (A19) and (A20) are presented here in the form used for numeri-
cal calculations. Note that in the general case Tr(G*”(z,T)) and Tr(g*? (z,T))
are the complex values. However, their imaginary parts are very small. It is
known [19, 20] that in the absence of NQI, Tr(G*”(r,T)) are the real values
of V*P(z,T). Thus, the nonzero imaginary parts arise only from NQI. Our model
numerical calculations performed for the different spin values 1 < I < 9/2 (data not
given) indicate that the imaginary part of Tr(G*”(z,T)) is less than 1075-1073 of
that of the real part. Moreover, the partial double averages (Tr(g*”(z,T))),, , cal-
culated from Eq. (A9), were found to be exactly real. In addition, according to nu-
merical simulation, for the arbitrary symmetric (not necessarily axial) HFI and NQI
tensors the value of Im{Tr(G*”(z,T))} averaged over two Euler angles (& and
@) is also zero.
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As for the contribution of spatially correlated deuterons of the coordinated
water molecules, the interfering term Im{Tr(Gf’('B)(T,T))} from various nuclei
provides very small (of the order of 107°-10"%) relative contribution to the spin-
echo signal. Therefore, the general Eq. (All) for V,(r,T) can be rewritten as

Vo (r,T) = %[Re(ﬁ Tr(G? (r,T))j exp{— [dve(r,0.9) (1 —(ve (r,T))W )}

+ Re(ﬁ Tr(G/ (r,T))j exp {‘I drewop)i- (D), )H ’

i=1

or, as it follows from the above consideration, represented in the approximate (but
practically exact) form

i=1

Vo (2,T) ~ %[ﬁ Ve (r,T)exp {— [dve(r,6,0) (1 ~(v@m) )}

i=1

+ f_k[Viﬂ (z,T) exp{—J'dvc(r, 0,9) (1 - <vﬂ (z, T)>W )}] )

where
Ve (1,1 = Re{Tr(G,.“<ﬁ> (z-,T))} ,
ve®(z,T) = Re{Tr (g (z.7))} .

Note that the stimulation of quadrupole effects in the Tr(g“#)(r,T)) contri-
butions from the distant bulk water deuterons can be also performed using ap-
proximate formulas derived in ref. 21, which are valid in the first order of the
perturbation theory.

A.3 Numerical Stimulations

As was mentioned above, we use the approximation of the axial symmetry of
the NQI tensor. The NQI constant C, for both the coordinated and bulk water
deuterons was chosen to be equal to 215 kHz. The concentration C(r) of the deu-
terons of bulk water surrounding the complex was approximated by Eqs. (A12)
and (A13) for the model of spherically symmetric distribution of D,0 molecules
around the nitroxide and for the model of the D,O-filled half-space, respectively.
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The value R_;, of the minimum distance from the unpaired electron of the com-
plex to the bulk D,0O deuterons was varied and served as the parameter of the
model. When the upper limit R ,, in numerical integration over r was infinite, it
was limited by R, = 3 nm. The eigenvalues and the eigenfunctions of operators
j,.”’(ﬁ ) were determined using the program ZHEEV from the library of linear al-
gebra programs LAPACK [24]. The final program code indicated a fairly fast
performance. Therefore, the integration over various sets of Euler angles (6, ¢,
B, 7 w) did not involve the available special procedures of powder averaging
[25-27]. The integration over all variables was performed using the Simpson
method. The number of integration intervals was chosen equal to 400—-600 for
0<6<mn 100200 for 0 <@ <2z, 100 for 0< y <2xm, 90 for 0 <y < m/2, and
400 for 0 < g <= The integration over » was also performed by the Simpson
method with a step of 0.005 nm. For direct comparison with experimental data
(see Sect. 2) most of the parameters were chosen to be equal to the experimen-
tal ones. The V®(z,T) values were calculated for 7= 0.2 ps at 550 points T,
(from T, = 0.08 us to T, = 8.864 us with a step of 0.016 ps). Finally, the time
T average (V' (z,T)), was calculated and the cosine FT of the normalized stimu-

lated ESE signal

(k)
Vn(k)(f,T) = M -1

(e, 1),

over the variable t = 7+ T (0.28 < ¢ < 9.064 ps) was performed.

Initially (for a fixed 7) the arrays of integrals (Tr(g*”(z,T))),,, (for vari-
ous r and T) and (Tr(g*# (7,T))),, (for various r, S, and T) were calculated
and permanently stored in the computer memory. This stage was the most time
consuming and required 1-1.5 days of continuous work of the computer cluster.
It should be mentioned that in calculations of (Tr(g*#(z,T))),, integrals the
range of the S angles can be reduced to 0 < f < m/2 because the values of these
integrals are the same for # and n—f. In the course of subsequent calculations,
all these integrals were read from the permanent computer memory and used in
calculations with Eq. (A19) or with Eqs. (A20) and (A21), respectively.
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