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ARTICLE INFO ABSTRACT

Keywords: Overhauser dynamic nuclear polarization (DNP) is the dominating hyperpolarization technique to increasing the
NMR nuclear magnetic resonance signal in liquids and diluted systems. The enhancement obtained depends on the
DNP overall mobility of the radical-carrying molecule but also on its specific interaction with the host molecules.
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Information about the nature of molecular and radical dynamics can be identified from determining the nuclear
T; as a function of Larmor frequency by Fast Field Cycling (FFC) relaxometry. In this work, DNP and FFC
methods were combined for a detailed study of 1H Overhauser DNP enhancements at 340 mT (X-band) and
73 mT (S-band) for diluted solutions of a block-copolymer with and without the addition of TEMPO radicals.
NMR relaxation dispersions of these solutions are measured at thermal polarization and DNP conditions in the X-
band, and the obtained DNP data were analyzed by a model of electron-nucleus interactions modulated by
translational diffusion. The coupling factors for the two different blocks of the copolymer are obtained in-
dependently from DNP and NMRD experiments. An additional contribution from scalar interactions was found

for polystyrene blocks.

1. Introduction

The last decade was characterized by a rapid development of hy-
perpolarization techniques [1-3] in a wide range of applications in
NMR mostly for increasing sensitivity. In general, using these techni-
ques provides a hyperpolarized state of nuclei with a significantly im-
proved NMR signal level in comparison with the thermally polarized
nuclear system. Of these techniques, dynamic nuclear polarization
(DNP), i.e. the transfer of polarization from a quasi-saturated pool of
unpaired electrons after microwave irradiation towards nuclei, has
been particularly popular and flexible in its application. In the high
temperature approximation the enhancement of the NMR signal theo-
retically amounts to the ratio of the gyromagnetic moments of electrons
and nuclei, achieving several thousand for X nuclei and ~660 for 'H
[4]. DNP is of significant importance especially for studies of highly
diluted solutions [5] as well as for X nuclei with low gyromagnetic ratio
and/or low natural abundance.

DNP is frequently subdivided into the well-studied Overhauser ef-
fect (OE) [6] and Solid effect (SE) [7]. While SE is mostly observed in
solids or highly viscous liquids, and shows a maximum enhancement
when the difference of the electron resonance and microwave fre-
quencies is equal to the nuclear Larmor frequency, i.e. fo = fuw * fa
[8], OE in turn is found in low-viscosity liquids and is characterized by
a maximum enhancement when the electron spin transitions are
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saturated by the microwave field, i.e. fo = furw. At the same time it is
required that the electron-nuclear hyperfine interaction is modulated
by processes such as translational or rotational diffusion with a rate
which is high enough to provide a significant contribution to the
spectral density component at the electron Larmor frequency. Assuming
the picosecond range of molecular motions typically found in simple
liquids [9], the highest enhancement by OE is achieved at relatively low
magnetic field strengths, corresponding to, for instance, X- and S-band.
However, is has also been shown theoretically and experimentally that
OE remains effective even at high fields above 10 T [10], where it is
preferably related with fast sub-ps local dynamic. In order to distin-
guish between different DNP effects the frequency dependence of the
enhancement is measured by sweeping the microwave field frequency
fmw at a constant polarizing magnetic field or by changing f., which can
be more readily performed by varying the magnetic field during mi-
crowave irradiation and keeping the resonance conditions of the mi-
crowave resonator unchanged. Typical modern spectroscopy applica-
tions either require the high fields of superconducting magnets and
corresponding hardware to generate MW at hundreds of GHz [11], or
alternatively shuttling [12] between low and high fields and benefitting
from the higher DNP coupling at low fields.

The FFC-DNP method [13] is a recently developed technique for
obtaining a hyperpolarized state of the nuclei before cycling the mag-
netic field and thereby obtaining NMR relaxation dispersion (NMRD)
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profiles with improved selectivity and sensitivity, thus countering the
problems of intrinsically low signal-to-noise ratio of the FFC method.
The first studies were devoted to investigations of the molecular dy-
namics and electron-nuclear interactions in polymer systems [14],
crude oil [15] and simple liquids with additional radicals [16]. A
consequential combination with other recently developed strategies
that are based on encoding by relaxation times [17] and generating
selectivity by separating the different DNP effects within one system
[18] are further steps to enhance specificity and data accuracy in
NMRD experiments of complex systems. At the same time, the ability to
probe frequency-dependent interactions by FFC provides access to im-
prove models about the specific interaction between electron and nuclei
as well as details of molecular dynamic in studied systems.

The concept of Fast Field Cycling (FFC) relaxometry [19] is the
determination of the frequency-dependent spectral density function
from measuring the longitudinal relaxation time, Tj, as a function of
magnetic field strength; the range typically accessed is between 10 kHz
and several 10 MHz, making it particularly sensitive to molecular re-
orientations on timescales between 10 %s and 10~ “*s. The lack of
spectral resolution due to low field homogeneity makes the distinction
of multiple components on complex systems difficult, these are only
accessible by corresponding multi-exponential fitting in either the T; or
T, domain. The additional effect of electron-nuclear interactions on the
total nuclear relaxation rates have been studied with a number of sys-
tems containing radicals or paramagnetic species [20]. Important other
applications of the FFC technique, where slow molecular motion is
expected and has been verified, are found in the fields of hydrated
protein systems [21] and liquid crystals [22]. In polymer melts, the
established approaches for segmental dynamics, i.e. the Rouse model
[23] or tube reptation [24], were intensely studied by FFC over dec-
ades.

Block copolymers represent a large class of substances with wide
commercial applications, yet dynamics studies remain much scarcer
than for homopolymers because of the difficulties to study individual
moieties in a single molecule separately. At the same time, controlling
the chemical composition and block length in copolymers provides a
route towards designing material properties different from those of the
corresponding homopolymers, frequently avoiding separation on a
macroscopic scale but featuring microphase separation in the melt,
solution [25,26] or solid [27]. In solution, the surfactant properties of
block copolymers are used in foams, oil additives, dispersion agents,
etc. The ability of some block copolymers to form micellar-like struc-
tures [28] is intensively used in drug delivery systems [29]. Microphase
separation and molecular order is a particular field of interest where the
individual dynamics of the different blocks needs to be isolated ex-
perimentally.

Recently we showed the feasibility of applying FFC-DNP to studies
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of molecular dynamics and electron-nuclear interaction in concentrated
solutions [17] and melts [14] of polymer materials. In this contribution
we present a detailed study of OE in a block copolymer solution, con-
sisting of blocks of polystyrene and polybutadiene (SBS), in the pre-
sence of radicals. Molecular dynamic of particular blocks was dis-
tinguished by measuring T»-resolved NMRD at thermal polarization and
at DNP OE conditions. A model of electron-nuclear interactions
modulated by translational diffusion was used to compute the relevant
parameters, including the coupling factor which was compared with the
values measured directly by DNP in both S- and X-band, allowing
verification of the validity of the model used for fitting the NMRD data.
The NMRD of pure SBS solutions was analyzed using contributions from
Rouse and Lorentzian components to the spectral density function.

2. Experimental section

Samples of block copolymer solutions were prepared from poly-
styrene-block-polybutadiene-block-polystyrene (SBS) obtained from
Sigma Aldrich with a molecular weight of 140 kDa and 30% of styrene
content, rendering macromolecules of average polybutadiene mass of
100 kDa in between two blocks of polystyrene of about 20 kDa each. In
order to study the DNP Overhauser effect, 2,2,6,6-
Tetramethylpiperidine 1-oxyl (TEMPO, Sigma Aldrich) was used as a
radical. The SBS was diluted in deuterated benzene-dg (99,9%, Sigma
Aldrich) to a polymer concentration of 10 vol% and then stirred on a
vortex mixer for 4h at +40 °C. For DNP measurements, the solvents
were first mixed with TEMPO to obtain the final concentration in SBS
solution in a range 0.5-420 mM. The polymer solutions were placed
into a 3 mm OD tube, which was flame-sealed immediately after filling.
All samples were stored at +5 °C and were measured within 1-2 weeks
of preparation. EPR spectra as well as the control of radical con-
centration in the samples were both performed by EPR using a benchtop
EPR spectrometer Miniscope 5000 (Magnettech GmbH, Berlin,
Germany).

DNP experiments and relaxation dispersion measurements were per-
formed using a FFC relaxometer (Spinmaster FFC2000, Stelar, Mede,
Italy) and a home-built DNP console with two probes operating either
at S-band [30] or X-band [31] with corresponding microwave fre-
quencies of 2 GHz and 9.5 GHz, respectively. For the purpose of mea-
suring T;-T5 correlation maps and T, resolved DNP spectra as well as
DNP-FFC relaxation measurements on the FFC relaxometer, an opti-
mized protocol was used [13] (Fig. 1). Acquisition consisted of detec-
tion of a train of echo peak intensities by a CPMG pulse sequence with
59 us echo time. Thus two-dimensional data sets of 3072 x 32 points
were acquired from T;-T, correlation measurements. The two-dimen-
sional ILT analysis [32] was performed using a set of 32 X 32 loga-
rithmically distributed values of relaxation times in the range of
1 acquisition field
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Fig. 1. Pulse sequence for the measurement of T; relaxation dispersion profiles using hyperpolarized nuclear spin and T, resolving by CPMG sequence.
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1-10*ms for both T; and T, values. For the T,-resolved DNP experi-
ment, the decays obtained by CPMG sequences were fitted by two ex-
ponential functions with fixed relaxation times, obtained from the
previous experiment, and variable relative amplitude of the corre-
sponding components which are related to the different relaxation rates
of 'H nuclei in the corresponding polymer blocks.

Additional values of relaxation times at higher fields were obtained
on a SpinSolve benchtop NMR spectrometer operating at 43 MHz
(Magritek Ltd., Wellington, New Zealand) and a Bruker Avance III
spectrometer at 300 MHz.

3. Theoretical section
3.1. DNP and EPR

In the following, a summary of the derivation of OE enhancement is
given to a degree which contains the essential information required for
understanding the experimentally accessible factors discussed in this
work; for a more fundamental description of the theoretical framework
see, e.g., reviews such as [33,34].

The DNP OE enhancement of the NMR signal can be expressed as
[33]:

P,
IDNP _q e

PO Wp

E=
(€)]
where Ppyp and Py are enhanced NMR signal at the DNP condition and
the equilibrium thermal polarization, respectively; w. and w, are the
Larmor frequencies of electron spin and nuclear spin under study. The
three factors ¢, f and s are the coupling, leakage and saturation factors
usually used to describe OE enhancement. The leakage factor f is given
by

rude

fle)= Ry

(2)

where R; , is the total measure relaxation rate and rl,nrad is the molar
relaxivity due to interactions between electron and nuclear spins, which
is multiplied by the radical concentration c. The leakage factor is cal-
culated from NMRD or T;-T, map data, i.e. by using the T; values at
polarization fields of 73 and 340 mT (S- and X-band) with and without
radical.

The saturation factor s is separated into two factors s,(P) and
Smax(c) which depend on the microwave power and radical concentra-
tion, respectively. From the power dependency of the enhancement E
(P), the limiting value extrapolated to infinite power enhancement E,,x
can be calculated by [16]:

P/Ppqy

E(P)=1—(1 — Epgy) ————,
@ ( max)l_P/Ple

3
where Py, is the fitting parameter for which s(Phae) = 0.5. The
maximum of the DNP saturation factor for a system with three EPR
transitions, as is the case for the '*N nitroxide radical with its triplet
hyperfine splitting due to the I = 1 nuclear spin, is then given by:

-1
@,
Smax (Wexen) = [3 - 4(2 + %Ch) ],

e

4

where W, is the longitudinal electron spin lattice relaxation rate and
Wexch 1S the Heisenberg exchange frequency, which depends on the
concentration as

()

with kexn being the exchange rate that is obtained from the experi-
mentally measured increase of the EPR peak-to-peak linewidth:

Wexch = Kexen €,

4 Kexenc

3\/§ye’

ABpp (Wexch) — ABpp ©0) = ®)
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The coupling factor ¢ is a concentration independent parameter and
depends on the type of interaction in the system, magnetic field and
temperature.

The final expression for the extrapolated enhancement is given by:

rl’:’::'tdc 1 Wexch ! We
Bpac(€) =1 — §——"—————|3— 4[24 2| | =
Rl,n (0) + rl.n c3 u/e @n (7)

where the remaining fitting parameters are the coupling factor ¢ and
the ratio (keycn/Woe)-

3.2. NMR relaxation dispersion

A model which combines dipolar and contact scalar interactions
modulated by translational diffusion [35] was used for the analysis of
frequency dependencies of the molar relaxivity ry ,"*%(w). The model
involves the following correlation time:

2d?

=
D, + D,

(8)
where D, and D, are self-diffusion coefficients of the molecules con-
taining nuclear and electron spins, respectively, and d is the minimal
distance between electron and nucleus. In case of a high-molecular
weight polymer solution, D,, is negligibly low in comparison with the
diffusion coefficient D, of the TEMPO radical. The important assump-
tion for using this model is the absence of “sticking” conditions where
rotational diffusion would dominate the modulation of electron-nucleus
interaction. It was shown before that this model can be used success-
fully for, among others, simple aromatic liquids [16], or in protein
solution [36]. The presence of a hydration sphere of paramagnetic
centers or additional interaction which leads to an increase of the
contribution of rotational diffusion might be taken into account by
advanced models [37]. The reduced spectral density for the transla-
tional diffusion modulated by dipolar interaction is given by:

Jgw) = %u‘ﬁ"{u2 — 2 + exp(—u)+[(u?> — 2)sinu

+ (u? + 4u + 2) cosul}, 9)
where
u=wy/2 (10)

The corresponding expression of the reduced spectral density for
scalar interaction is:

Doy = L —W)(sinu —
Jou) = o [1 + exp(—u)(sinu — cosu)] an

Consequently the relaxation rates induced by dipolar and scalar
interactions might be expressed by [38]:

1 , . )
(*) o [y (e = 0n, 1) + 3jy (@n, 1) + 6y (we + @y, 7))
dip

T (12)
(i) o [, @0 = @,%)]
L scal o " (13)

Also it is possible to obtain an expression for the radical induced
relaxivity:

rad

o = 7 Mg (7 (@, @) + 3jg (@, 7)) + (1 = Ma)10j; (e, 7)1, a4

where 774 and 0 < My < 1 are the amplitude and the relative con-
tribution of dipolar interaction to the total relaxation rate in the limit of
o = 0, respectively. Thus the coupling factor is obtained by using [33]:
~ My (@, 7) — (1 = M)10], (@, %)

Mg (7 (e, @) + 3jy (@n, )] + (1 = My)10j (w,, ;)

: (15)

The fitting of NMRD of pure SBS solution without additional TEMPO
radical is given by a sum of Rouse [23] and Lorentzian components [38]
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Fig. 2. (a) CW EPR spectra measured for TEMPO in 10vol% SBS solution in
benzene. (b) Concentration dependency of peak-to-peak linear width.
(see discussion below):
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where Cyp, Cgr and C, are prefactors of Lorentzian, Rouse and “Constant”
component, 7;, and s are the corresponding correlation times.

Ry (wy) = CL(

4. Results and discussion
4.1. EPR results

In order to obtain the value of the electron spin exchange constant
Kexch, the concentration dependence of the peak-to-peak linewidth of
TEMPO in a 10vol% SBS solution in benzene were measured for
TEMPO concentrations in the range 0.5-25 mM. The obtained widths
(see Fig. 2) were fitted by a linear function and the parameter key., was
obtained using (5).

The  value of  the exchange rate constant  is
Kexeh = (3.1 = 0.1)s 'mM ™! which is close to the value obtained
earlier [16] for a pure benzene solution of TEMPO. This suggests the

99
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Fig. 3. T;-T, map of SBS in 10 vol% benzene solution at 340 mT magnetic field
strength.

absence of additional significant line-broadening interactions between
TEMPO molecules and the polymer molecule or any of its blocks, which
would hint at an additional radical relaxation mechanism.

The linewidth of all three lines is increasing up to concentration
¢ = 55mM. Above this concentration, the three hyperfine lines of
TEMPO begin to overlap, and the linewidth decreases with further in-
creasing radical concentration. As a result, at the highest studied
TEMPO concentration ¢ = 420 mM, the EPR spectrum is represented by
a single line with a peak-to-peak linewidth of 0.45mT. Dissolved
oxygen in the solution potentially constitutes another source for
broadening of the EPR line. However, considering the oxygen effect on
EPR and DNP data is beyond the goals of the current study.
Nevertheless, the EPR results show that SBS macromolecules in solution
have a negligible effect on the EPR properties of the TEMPO radical in
benzene solution.

4.2. DNP results

A Ty-resolved method for acquiring DNP data was used based on T,
distribution obtained from the T;-T- correlation map (see Fig. 3) of SBS
in solution. Two components clearly distinguished on the T;-T» map at
340 mT magnetic field strength are attributed to the relaxation of dif-
ferent blocks in SBS. In [17] it was shown that the observed peaks with
low relative amplitude and mean relaxation times T; = 64ms and
T, = 35ms (at 340 mT) correspond to PS blocks. The mean value of
relaxation times of corresponding regions were obtained by using
logarithmical averaging. The component with values of T; = 640 and
T, = 340 ms and the higher relative amplitude, being proportional to
the proton fraction in the PB moieties, corresponds to the PB block and
indicates a higher molecular mobility [17]. The values of mean T, re-
laxation time in pure SBS solution and at different concentrations of
TEMPO obtained from CPMG decays were used in a biexponential fit to
encode and isolate the two components in DNP and FFC measurements.

The T,-resolved DNP spectra at 7.9 mM TEMPO radical concentra-
tion and microwave power of 1 W are presented in Fig. 4. The un-
equivocal signature of the Overhauser effect for both PS and PB blocks
is observed with enhancements of —0.8 and — 6.5, respectively. Three
peaks corresponding to the hyperfine EPR lines of TEMPO in solution
are observed in the DNP spectra. In comparison with more concentrated
solutions of SBS [17], the enhancement of the PB blocks signal is higher
because OE significantly increases in a system with high molecular
mobility such as in a diluted solution. Furthermore, using a nitroxide
radical such as TEMPO promotes OE, contrary to the prevailing SE
which appears when BDPA is used as a radical in the systems with
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Fig. 4. T»-separated DNP spectra of the NMR signal enhancement of 10 vol%
SBS in C¢Dg with (7.9 = 0.6) mM of TEMPO at a MW power of 1 W. Solid lines
are guides to the eye.

relatively slow molecular motions [14,18].

The power dependencies of the NMR signal enhancements (Fig. 5)
were employed for obtaining the extrapolated value of E,.,. The ex-
trapolated enhancements E,x(c) as a function of TEMPO concentration
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Fig. 5. Power dependencies of DNP enhancement in 10 vol% SBS in C¢Dg for PS
(a) and PB (b) blocks. Solid lines correspond to fitting by Eq. (3).
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Fig. 6. H OE DNP extrapolated maximum enhancement E,,,, of PS and PB
blocks at S-band (open symbols) and X-band (solid symbols). The lines re-
present fits to Eq. (7).

are shown in Fig. 6. Fitting of these curves by Eq. (7) with &pnp and
kexcn/W as fitting parameter is indicated by solid lines. The obtained
fitting parameters are presented in Table 1. An increase of the extra-
polated enhancement for PB blocks is observed up to 100 mM radical
concentration, while above this concentration it depends only on the
coupling factor. The coupling factors obtained for PB and PS blocks in
solution are 0.335 and 0.108 at S-band and 0.132 and 0.042 at X-band,
respectively. The lower coupling and leakage factors for the PS block
lead to much lower DNP enhancement values in comparison with the
PB block.

The observed values of enhancement in the S-band can significantly
decrease experiment time and improve sensitivity in diluted solution.
On the other hand, the absolute value of polarization is found to be
proportional to the polarization field strength values, which differ by a
factor of about 5 for S- and X-band. At the same time the differences
between enhancement values for X- and S-band are ~3.7 and 2.5 for PS
and PB blocks, respectively. This shows the effectively insignificant
advantage of experiments in S-band for this system despite the high
value of enhancement. However, it should be noted that no heating
effect in excess of 0.1 K/W was observed in S-band measurements up to
10 W in comparison with X-band when active precooling of the sample
was used at powers above than 5W. This is an important advantage of
S-band DNP in particular for water solution, dielectric losses of which
are much higher than those for benzene.

4.3. NMR relaxation dispersion results

NMRD profiles of different blocks of SBS in benzene solution ob-
tained by T,-resolved fitting are presented in Fig. 7a. In addition, the
dispersion of the radical induced relaxivity is presented in Fig. 7b.

The pure SBS solution NMRD profiles for both polymer blocks (open
symbols in Fig. 7a) are characterized by relatively weak dispersions. In
accordance with the literature, polymers are expected to follow Rouse
dynamics in solutions below the entanglement limit [19,23]. For this
reason, Eq. (16) was applied with Cj,, = 0 for the PB block and a sa-
tisfactory fit was obtained. At the same time, using only the Rouse
model was found to be insufficient for the PS block due to phenyl ring
rotation which represents an additional mechanism of relaxation as has
been described before in PS melts and solutions [39]. The contribution
of the phenyl ring flip with its characteristic rotation time can be
considered by an additional Lorentzian component, i.e. Cj,, = 0 in (16).
The fitted correlation time values corresponding to the models used are
summarized in Table 1.

By addition of the TEMPO radical into the solution, the NMRD
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Table 1
Fitting parameters from DNP and NMRD experiments obtained by Egs. (7), (14) and (16).
Block type PB PS
EPR band S X S X
£PNP 0.335 + 0.01 0.132 + 0.002 0.108 + 0.01 0.042 + 0.005
ENMRD 0.328 * 0.005 0.130 + 0.008 0.126 + 0.01 0.040 * 0.012
(kexen/W)PN? [mM ™ 1] 0.25 *+ 0.04 0.31 + 0.06 0.30 + 0.05 0.35 + 0.04
(kexct)™ [10°s ™' mM '] 3.1 % 0.1
My 1? 0.8 + 0.05
7. [10™%s] (Diffusion) 0.50 + 0.8 0.32 = 0.7
75 [10™°s] (Rouse) 0.25 + 0.2 0.46 + 0.1
T [10~?s] (Lorentzian) - 21 =03

2 My was fixed as 1 in PB block case.
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Fig. 7. T, resolved relaxation dispersion of spin-lattice relaxation time of PS
and PB blocks of SBS in C¢Dg at 10 vol%. Solid lines are fits to Eq. (16) for pure
solution and by sum of bulk and radical induced relaxivity [see Eq. (14)] for
solution with radical. (b) Radical-induced (7.9 + 0.6 mM TEMPO) relaxation
rate of PS and PB blocks of the same sample. Solid lines present fitting by Eq.
(14).

profiles are noticeably altered (filled symbols in Fig. 7a), this is parti-
cularly obvious for the PB block where T; values as a whole are reduced
significantly and the frequency dependence apparently becomes
stronger. Though the effect is somewhat weaker for the PS blocks, T; is
still shortened almost twofold at low frequencies. Under the assumption
- which is supported by the EPR findings - that the addition of TEMPO
at small concentration does not change the overall dynamics of the SBS
molecule nor the viscosity of the solution, relaxation rates for "H nuclei

can be expressed by additive contributions from the proton dipolar
contribution [see Eq. (16)] and the additional relaxivity brought about
by the interaction of the 4 with the radical electrons [see Eq. (14)].
The latter relaxivity can then be obtained by subtracting of relaxation
rate of pure SBS solution from relaxation rate of SBS solution with
TEMPO. This contribution is shown in Fig. 7b: the dispersions of re-
laxivity for both PB and PS blocks approach a plateau at low fields,
whereas the observed decrease with growing field strength traces the
spectral density function of dipolar and scalar interaction at the cor-
responding electron Larmor frequency [20,35].

Fitting of relaxivity dispersion curves according to Eq. (14) with the
free parameters "9, 7, and My are shown in Fig. 7b as solid lines. The
coupling factors obtained from calculation of Eq. (15) with parameters
obtained from this fit are also reported in Table 1. The solid lines in
Fig. 7a corresponding to the SBS solutions with radicals (filled symbols)
were obtained by summation of the fitting curves of radical induced
relaxivity dispersion curves and fitting curves of the pure SBS solution.

The coupling factors obtained from NMRD and DNP experiments are
generally in excellent agreement to each other. However, there possibly
remains a higher uncertainty of éymrp Of PS because of the influence of
the My value which is usually defined by few NMRD points at high field.
Increasing the number of NMRD values at these field levels can provide
improved precision about the scalar interaction contribution. For PB, on
the other hand, using this model delivers a reliable fit with fixed My = 1
which reflects the absence of scalar interaction between PB blocks
nuclei and the TEMPO radical. In general, no significant scalar part of
interaction is expected for 'H nuclei [9,40,41]. However, the fitting of
the relaxation dispersion for the PS protons requires to take scalar in-
teraction into account, and a value of My = (0.8 = 0.05) shows the
best fitting results. For organic solvents with —-CH groups in the mole-
cule, TEMPO radical can form hydrogen bonds with solvent molecules
which results in an increase of the scalar interaction effect [42]. It can
be supposed that it is also possible in the studied system of block co-
polymer solution. Furthermore, it is reported that aromatic molecules
can provide sufficient scalar interaction with the nitroxide radical [16].
The phenyl ring in the PS block is likely to be the source of this sort of
interactions. It is also possible that fast rotations of phenyl rings prevail
on translational diffusion as mechanism of modulation of electron-nu-
cleus interaction.

The relaxation dispersion curves with enhanced signal at DNP OE
condition were obtained for SBS solution with (7.9 + 0.6) mM
TEMPO. It should be noted that no significant difference was observed
between NMRD acquired at thermal polarization and at DNP OE con-
ditions. At the given power level of 1 W, using the same time for ac-
quiring data as at thermal polarization conditions allows to decrease
the uncertainties of T; measurements up to ~5 times for the PB block
and ~2 times for PS block while avoiding overheating of the sample.

5. Conclusion

The molecular dynamics parameters and DNP OE coupling factors
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were obtained for the individual blocks in polystyrene-polybutadiene-
polystyrene block copolymers in deuterated benzene solution both in
the pure state and in the presence of TEMPO radical. The Overhauser
effect was found as the dominant DNP mechanism in SBS solution with
TEMPO for both PS and PB blocks.

The NMR relaxation dispersion curves were successfully described
by a model which includes both the dipolar and scalar interactions
modulated by translational diffusion. The NMRD of PB blocks show
only dipolar interaction between PB chain and TEMPO radicals in so-
lution. The presence of scalar contribution was shown for PS blocks
where a contact interaction between TEMPO radical and the phenyl
ring is assumed. The corresponding coupling factors for both blocks
were calculated.

The good agreement between coupling factors obtained with DNP
and NMRD measurements for S- and X-band shows possible application
of the used model of electron-nuclear interaction modulated by trans-
lational diffusion to simulations of molecular dynamics parameters,
which can be used in advanced methods for isolating the actual re-
laxation dispersion T;(w) of pure substances enhanced by DNP, while at
the same time eliminating the additional relaxation contributions of the
radical. Studies for applying this concept towards a block-specific or
moiety-specific relaxation analysis in complex systems are currently
under way.
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