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Nuclear Quadrupole Resonance (NQR) experiments were performed for deuterated and non-deuterated
triphenylbismuth (BiPhs) to inquire into 2°?Bi relaxation mechanisms. The studies are motivated by the
idea of exploiting Quadrupole Relaxation Enhancement (QRE) as a novel contrast mechanism for
Magnetic Resonance Imaging. From this perspective relaxation features of nuclei possessing quadrupole
moment (quadrupole nuclei) are of primary importance for the contrast effect. Spin—spin relaxation rates
associated with the NQR lines were described in terms of the Redfield relaxation theory assuming
that the relaxation is caused by fluctuations of the electric field gradient tensor at the position of the
quadrupole nucleus that are described by an exponential correlation function. The description referred
to as a model-free approach is an analogy of the description used for paramagnetic contrast agents.
It was demonstrated that for the deuterated compound this approach captures the essential features of
209Bj relaxation, but it should not be applied for non-deuterated compounds as dipolar interactions
between neighbouring protons and the quadrupole nucleus considerably contribute to the relaxation of
the last one. Thus, the relaxation scenario for species containing quadrupole nuclei is fundamentally
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different than for paramagnetic contrast agents and this fact has to be taken into account when
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1. Introduction

Contrast agents in Magnetic Resonance Imaging (MRI) are used
to increase the difference between spin relaxation of water
protons in healthy and pathological tissue. The difference can
be increased due to Paramagnetic Relaxation Enhancement (PRE)
effects caused by paramagnetic contrast agents (for instance
complexes of transition and rare earth ions, like Gd**)."”
Strong magnetic electron-proton dipole-dipole interactions
between the electron spin of the paramagnetic species and spins
of water protons lead to very fast proton spin relaxation (the
relaxation rates become larger - in other words, the relaxa-
tion is enhanced). Taking into account that the 'H relaxation
rate depends on a square of the electron gyromagnetic
factor (being by a factor of about 659 larger than the proton
gyromagnetic factor) one could expect a very large enhance-
ment of the 'H relaxation rate. However, the observed relaxa-
tion enhancement is much smaller as a result of fast electron
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predicting contrast effects based on QRE.

spin relaxation caused by Zero Field Splitting (ZFS) inter-
action.®** For not immobilized small paramagnetic complexes
the limiting factor is their fast molecular tumbling, especially at
high fields.

To some extent one can consider the Quadrupole Relaxation
Enhancement (QRE)'>™2° as a counterpart of PRE. Yet the
similarity concerns only the analogy in the Hamiltonian forms
of ZFS and quadrupole interactions; the physical backgrounds
of QRE and PRE are different. When the electron spin (a para-
magnetic complex) is replaced by a species containing high
spin quantum number (S > 1) nucleus (referred to as a quadru-
pole nucleus), the quadrupole nucleus and neighbouring
protons become coupled by dipole-dipole interactions (analo-
gously to the electron-proton coupling for PRE) being the
source of 'H relaxation. At the same time the energy level struc-
ture of the quadrupole nucleus is determined by a superposition
of its quadrupole and Zeeman couplings. As the quadrupole
coupling is independent of the magnetic field, there are mag-
netic fields (*H resonance frequencies) at which the 'H energy
level splitting matches one of the transitions of the quadrupole
nucleus between its energy levels. When the dynamics of the
system is slow at these magnetic fields the "H magnetization
can be transferred to the quadrupole nucleus; this manifests
itself as a faster decay of the "H magnetization - i.e. a frequency
specific "H spin-lattice relaxation enhancement. As QRE effects

This journal is © the Owner Societies 2018


http://orcid.org/0000-0003-3083-9395
http://orcid.org/0000-0003-4453-9385
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cp03848a&domain=pdf&date_stamp=2018-08-29
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cp03848a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP020036

Open Access Article. Published on 04 September 2018. Downloaded on 5/10/2026 3:10:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

manifest themselves only at selected frequencies (in contrary to
the PRE observed in the whole frequency range), they can be
switched on and off in response to subtle changes of the electric
field gradient in the tissue - this gives rise to the question
whether QRE effects can be exploited as a novel, smart MRI
contrast mechanism.

The PRE effect has been a subject of extensive theoretical
studies due to its medical relevance posing, at the same time, a
very interesting problem of quantum-mechanical theory of spin
relaxation.®"?*3! The most demanding part of the theoretical
description is the electron spin relaxation. The theory of PRE
has started from a very simple description of the electron spin
relaxation, just introducing for this purpose two parameters:
electron spin-lattice and spin-spin relaxation rates.>” At this
stage there was no question about the specific electron spin
relaxation mechanism. This approach has turned out to be
insufficient; in this way one cannot satisfactorily explain the
'H relaxation enhancement monitored versus the magnetic
field (i.e. 'H resonance frequency). The oversimplification of
this approach has two reasons: the electron spin relaxation is
treated as independent of the magnetic field (this is incorrect)
and multi-exponentiality of the relaxation (present for high
electron spin quantum numbers) is not taken into account.
In the next step, a more appropriate description of the
electron spin relaxation based on the Redfield relaxation
theory has been developed.®'"*>?%%° gsuch an approach
requires a well-defined model of the relaxation process.
This has given rise to the so called pseudorotational
model,” 1252629 that can be referred to as a model-free
approach. According to this approach the fluctuations of the
ZFS interaction, being the source of the electron spin relaxation,
have a constant (time independent) amplitude and are charac-
terized by an exponential correlation function. The great advan-
tages of this approach are its mathematical simplicity and the
number of parameters (only two: the amplitude of the fluctuat-
ing part of the ZFS interaction and the characteristic time
constant of the fluctuations referred to as a correlation time).
This concept has turned out to be a success - it has led to very
good agreement of the theoretically predicted PRE effect with
experimental data for numerous paramagnetic contrast agents.
Thus its accuracy has not been much questioned. A rare
example of a verification of the model-free approach is the
attempt to interpret Electron Spin Resonance lineshape and
PRE effects for some Gd*' complexes in terms of the same
electron spin parameters.®® The output can be a matter of
debate - the agreement with both kinds of experimental data
is moderate. One should keep in mind that for PRE effects one
can talk about a hierarchy of events: the electron spin relaxation
is independent of the presence of neighbouring protons (the
fluctuating part of the ZFS interaction provides the predomi-
nating mechanism of the electron spin relaxation), while it
contributes to the fluctuation of the electron-proton dipole-
dipole interaction being the source of the 'H relaxation and
hence affects the PRE effect.

To explore the possibility of using QRE effects as a contrast
mechanism it is necessary to understand the relaxation
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properties of the quadrupole nucleus and formulate a proper
relaxation model. Among several high spin quadrupole nuclei
we consider *°°Bi as a very promising candidate because of its
large quadrupole moment that gives the opportunity to observe
QRE effects at high magnetic field (3T) used in clinical MRI
scanners and because of its expected lower toxicity compared to
gadolinium.

Nuclear Quadrupole Resonance (NQR) spectroscopy gives
access to the spin-spin relaxation. In NQR experiments one
can detect several lines corresponding to single-quantum
transition frequencies between energy levels of the quadru-
pole nucleus (4 for the spin quantum number of *°°Bi, S = 9/2)
and measure the associated spin-spin relaxation rates. This
paper is meant to reveal to which extent relaxation properties
of a quadrupole nucleus in solids can be captured by a
description of fluctuating quadrupole interactions analogous
to the model-free approach formulated for the ZFS in the case
of high electron spin species.

Besides the context of medical applications, plausibility of
this approach would give access to internal dynamics of solids
containing quadrupole nuclei by means of NQR spectroscopy —
one would be able reliable estimate the timescale of dynamical
processes. One could argue at this stage that relaxation mecha-
nisms for solids can hardly be transferred to the case of
solutions. One should, however, take into account that to be
used as MRI contrast agents the molecules containing quadru-
pole nuclei will be embedded in a matrix forming nanoparticles
to ensure slow rotation of the whole species. Thus the quadru-
pole relaxation will result from internal dynamics of a network
of the molecules similarly to solids.

Quadrupole relaxation in solids is commonly attributed to
phonon dynamics. Relaxation models assuming Raman phonon
dynamics have been discussed in the literature for different
compounds.**° Such models include many parameters and,
even though, quite often do not lead to good agreement with
the experiment. Actually, for the same reasons phonon models
of electron spin relaxation for paramagnetic complexes has not
gained much popularity.

The paper is organized as follows: in Section 2 the principles
of quadrupole relaxation are presented, Section 3 contains
experimental details, in Section 4 NQR data for >**’Bi containing
solids (deuterated- and non-triphenylbismuth (BiPh;)) are
presented and discussed, while Section 5 includes concluding
remarks.

2. Quadrupole relaxation

Nuclei of spin quantum numbers § > 1 exhibit quadrupole
interaction when placed in an electric field gradient. The
quadrupole Hamiltonian is given in the principal axis system
of the electric field gradient as:**™*>

1)
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The quadrupole coupling constant aq is defined as aq = €2qQ/h,
where Q denotes the quadrupole moment of the nucleus,
while g is the zz component of the electric field gradient tensor
at the position of the nucleus; # denotes the asymmetry parameter
of the quadrupole interaction. The tensor components are defined

1 1
as: Tp*(S) = ﬁpsf =SS+ 1], T*(S) = qEE[SZSi + 5.5,

and T:,%(S) = %SiSi. For S = 9/2(*°Bi) and 7 = 0 this leads to

the following energy levels corresponding to the magnetic quantum
numbers, ms, determining the set of eigenvectors of the quadrupole

. 99 99 9 9 9 9 1
Coupllng, {|S,ms>}: <5,§‘HQ 57 §> = <§, —E HQ‘E, —§> = ZaQ,
93\ _
22/

97 97 9 7 9 7 1 95
<55‘HQ‘5’ §> - <i’ *i‘HQ‘E’ *§> - <§5 Ho
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<5"§’HQ 57‘§>*‘ﬁ“0’ <§7§'HQ 5’§>*<§7 _E'HQ 5"§>*
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—5%Q and <22 > 2> <§,—§H 7 2> g4 Thus, in

NQR experiments one can observe four transitions at the

. 1 1 1
frequencies of: V3212552005 V5232 =150Q) V172, 5/2—§aQ and

Hql5

1
V9/2"7/2:6aQ’ where vy m . = Un

differences between energy levels corresponding to different
magnetic spin quantum numbers. To obtain the energy level
structure and hence the transition frequencies for n # 0
the Hamiltonian of eqn (1) has to be represented in the
{|i) = |S,ms)} basis (the matrix is not diagonal) and diagona-
lized. The matrix representation is given in Appendix. As a
result of the diagonalization one obtains a set of eigenvalues
(energy levels) {E,} associated with the corresponding eigenvec-

tors {y,} given as linear combinations of the {|i) = |S,ms)}
2541

> ayli).

i=1

The NQR lines are associated with spin-spin relaxation rates.
To discuss this subject, in the first step, one has to determine the
relaxation mechanism. As anticipated in Introduction, our goal is
to explore to which extend the relaxation properties can be
explained by a very simple model assuming that the relaxation
is caused by local fluctuations of the quadrupole interaction
characterized by an amplitude Aag and a correlation time tq
(a characteristic time constant describing the time scale of the
fluctuations). Moreover, the model assumes that the amplitude is
time independent so the stochastic fluctuations concern the
orientation of the temporary direction of the principal axis system
of the electric field gradient tensor with respect to its averaged
orientation. The relative orientation of these two frames is
described by an angle Q(¢); its fluctuations are described by
an exponential correlation function. This concept leads to the
following form of the perturbing (leading to the relaxation
process) Hamiltonian Hg'(¢):

. 1 3 Aag &
Ho (1) = 5\[58(25 1) 2

s — Umy = Vs — Vp = Uyp denotes

vectors: \, =

Y (CD)"TADG,(Q0)  (2)

-2
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where D§_,(Q) denote Wigner rotation matrices. Applying the
Redfield relaxation theory*®**™** one can derive expressions for
spin-spin relaxation rates associated with individual NQR lines.
Details are given in Appendix. In the limiting case of # = 0 the
expressions take a closed analytical form:

3/2,1/2 1 L i
R; 576(AaQ) {J(0)+58J(24wQ)+14J(24 )

1 1

(3a)
R = L (aag)x[4700) + 287 (L ) + 67 (Lo
2 576 12 470
1 5 !
+457{ oo | + 147 700 ) +297( 5700
(3b)

7/2,5/2 1 1
R/ =5 6(AaQ) x {91(0) +69J <§wQ) +24J <ng)

5 7
+ 14J(ﬂwQ) + 6J<24(DQ> + 14J<12wQ>:|

(3¢)

92772 1 1 7
R =5 8(AaQ) {8J(0) +24J(ng) + 3J(ﬁwQ>
1 5

where wq denotes the quadrupole coupling constant aq in

angular frequency units. The spectral densities J(w) are given
1 Q

as J(w) = -——-

(@) 51+ w?tg?

very short 7o, when wtq « 1) the relaxation rates converge

3
tor RV = 2 (Aag)rg, BRI =

(3d)

40744 In the extreme narrowing case (for

160(A(1Q) TQ, R;/Z’S/z =

360(AaQ) 7Q and R9/2 7/2 O(AaQ) 7Q-

Before proceeding to the data analysis it is worth to compare
the predictions of eqn (3a)-(3d) with the general expression
derived in Appendix. Anticipating the experimental data, in
Fig. 1 ratios between the relaxation rates Ry >*/?, R5/>* R7/2 52
RY>7? for ag = 668 MHz, 1 = 0 and their correspondlng
counterparts for ag = 668 MHz, n = 0.1 are plotted versus the
correlation time t4. One can conclude from this comparison
that for ag and n values being close to the selected ones,
one can use eqn (3a)-(3d) as a good approximation only for
R;/Z,S/Z and Rg/2,7/2'

Eventually, one should stress that for 1 # 0 one cannot talk
about relaxation rates RyS*"" as the vectors {|i) = |S,ms)} are
not eigenvectors of the system anymore. In the forthcoming
sections we use this notation only as an approximation because
the relaxation rates for # = 0 and n = 0.1 do not differ much for
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Fig. 1 The ratios between the relaxation rates R3/2%/2 R332 R1/2572

R3/2712 for y = 0 and 5 = 0.1 with ag = 668 MHz, are plotted versus the
correlation time tq.

the range of the correlation time 7o which will turn out to be
relevant for the analysis (see Section 4).

3. Experimental details

209Bi NQR experiments were performed for deuterated and non-
deuterated triphenylbismuth (BiPhj;) at 310 K, 300 K and 77 K.
Structure of the non-deuterated compound is shown in Fig. 2.

The experimental data were acquired with the commercially
available “Scout” (Tecmag, Inc., USA) pulse-type NQR-spectrometer
using a two sets of shielded RF transmit/receive coils. One set of
probe coils covers a frequency range of 20 MHz to 130 MHz (for
77 K and RT (300 K)) and another set of coils covers a range of
55 MHz to 160 MHz (for temperatures between 283 K to 323 K).
In consequence, experiments at 310 K were limited to the three
higher transition frequencies.

Fig. 2 Structure of non-deuterated triphenylbismuth (BiPhs).
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The coils are driven by a 500 W power amplifier. The solid,
crystalline powder samples were encapsulated in glass vials of
10 mm diameter. For the measurements at RT and 310 K tem-
perature stability was maintained by a flow of dry air controlled
by a feedback unit using a type K thermocouple placed in the
sample vial. Some of the coils were self-built*’ featuring a
special low-temperature front-end*® for diving them directly
into liquid nitrogen. Temperature accuracy was 0.5 K for
measurements at 300 K and 310 K respectively. For measuring
spin-spin relaxation rates, R,, a standard spin echo sequence
with variable echo time was used. The spin-echo maxima versus
time were fitted using a mono-exponential model for the decay
of the signal amplitude.

4. Experimental data and analysis

We begin the analysis of **’Bi spin-spin relaxation data with
deuterated BiPh; (310 K) as in this case the relaxation solely
originates from fluctuations of the electric field gradient tensor
at the position of >°°Bi (i.e. the fluctuating part of the quadru-
pole interaction, Hq/(f)). Table 1 includes three experimental
transition frequencies obtained for this compound. The transi-
tions are numbered according to their increasing frequency.
As already explained in Section 3, above room temperature
we do not have experimental opportunities to perform the
NQR experiment at frequencies corresponding to the lowest

1
transition frequency of about v3, 1/, = 3290 (it depends on ).

Comparing these values with the energy levels (and hence
transition frequencies) obtained by diagonalizing the matrix
representation of the Hamiltonian Hqg for n # 0 (given in
Appendix), the quadrupole parameters a, = 668.83 MHz and
n = 0.087 have been determined. For these parameters the
theoretical transition frequencies agree very well with the
experimental ones. As far as relaxation is concerned, the first
observation which should be made is that the relaxation rates
decrease with increasing frequency: Ry**"* > R;/>*? > R3/*"2,
As we are aware that the discussed model is a simplification, in
the first step one should figure out whether such a dependence
can be reproduced. For this purpose in Fig. 3 the relaxation
rates Ry>Y? Ry>*2 Ry**? and Ry*’"* are plotted versus the
correlation time 7q (aq = 668 MHz, # = 0 and # = 0.1). One can
see from Fig. 3 that the appropriate order of the relaxation rates
(R3**? > R} > R37?) can be obtained for 1, in the range
of 1.0 x 107°-5.0 x 10~° s (solid vertical lines in Fig. 3). The
“best” 1q value has been obtained by minimizing the value

1

Ry — R ?
of A=3" (W) . The summation goes over all
2.exp
relaxation rates, Ré,exp denotes the i-th experimental value,
while Ré,theory is the corresponding theoretical value; 4 does
not depend of Aaqg. The theoretical relaxation rates have
been calculated from the general expressions, presented in
Appendix, for i # 0. Applying this strategy 1o = 1.58 x 10~ ° s
has been obtained; the appropriate values of the relaxation
rates can be reached for Aag = 0.98 MHz. The values of Ré,theory
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Table1 Comparison of experimental and theoretical spin—spin relaxation rates for deuterated and non-deuterated BiPhs. Numbers in parentheses, “()",
denote theoretical relaxation rates for n = 0 (Aag and tq remain unchanged), “TFs"” denotes NQR transition frequencies

Transition Experimental Theoretical Experimental Theoretical relaxation Deviation
number TFs [MHz] TFs [MHz] relaxation rates [s™'] rates [s'] [%]
BiPh; - deuterated; ag = 668.83 MHz, 1 = 0.087, Aag = 0.98 MHz, 1o = 1.58 x 10 °s, T =310 K
2 55.20 55.21 1600 1757(1770) 8.9
3 83.49 83.49 1590 1611(1611) 1.3
4 111.40 111.40 1404 1204(1203) 16.6
BiPh; - deuterated; aq = 669.87 MHz, i = 0.098, Aaq = 0.98 MHz, 1 = 3.63 x 107°s, T=300 K
1 29.82 30.22 2392 2709(2552) 11.7
2 55.25 55.16 1905 2185(2225) 12.8
3 83.58 83.58 1572 1629(1622) 3.5
4 111.56 111.56 1565 1394(1392) 12.3
BiPh; - deuterated; aq = 685.63 MHz, i = 0.095, Aaqg = 0.41 MHz, 1q = 4.32 X 10 °s, T=77K
1 30.72 30.80 1613 413(453) 290.8
2 56.52 56.50 509 400(383) 27.2
3 85.56 85.56 232 273(271) 14.9
4 114.19 114.19 215 253(252) 15.0
BiPh; aq = 668.32 MHz, ;) = 0.087, Aaq = 1.25 MHz, 1 = 3.71 x 10 ° s, T=310 K
2 55.14 55.16 3610 3577(3632) 0.9
3 83.42 83.42 2294 2637(2638) 13.0
4 111.32 111.32 2058 2283(2281) 9.8
BiPhy; a, = 668.87 MHz, i) = 0.083, Aag = 1.25 MHz, 1o = 4.03 x 10™° s, T =300 K
1 29.76 29.55 12500 4471(4253) 179.6
2 55.21 55.26 4505 3589(3643) 25.5
3 83.50 83.50 2525 2618(2608) 3.6
4 111.42 111.42 2304 2334(2331) 1.3
BiPh; aq = 684.63 MHz, ) = 0.090, Aag = 0.95 MHz, 1o = 4.45 x 10 ° s, T=77 K
1 30.64 30.53 9803 2677(2442) 266.3
2 56.45 56.48 2538 2016(2055) 25.9
3 85.45 85.45 1247 1467(1452) 15.0
4 114.03 114.03 1217 1373(1370) 11.3
*10%%(aay)? relaxation rates is stronger than of the experimental ones.
50 R 9272 Nevertheless, one can say that the model captures essential
R27/2,5/2 features of the quadrupole relaxation; Table 1 also includes the
40 L R25/2,3/2 discrepancies (in %) between the experimental and theoretical
— R23/2,1/2 values of the relaxation rates. For comparison, corresponding
-% ’ values obtained for # = 0 from eqn (3a)-(3d) are also shown
2301 a, =668MHz in Table 1.
5 For the lower temperature (300 K) four NQR lines (including
Tag L the lowest transition frequency) have been measured. The
@© . . P . . .
© frequencies of the individual lines are given in Table 1. They
correspond to aqg = 669.87 MHz and #n = 0.098; the parameters
1.0 slightly differ from those for 310 K. The previous order of the
" relaxation rate is now extended to the relationship: R3*** >
- e N Ry>*? > R3/*** > R3>7”_ This condition can be fulfilled only
0™ 107 10° 10° 107 in a narrow range of the correlation times 7, about 3.0 x 10~°-

T, [8]

Fig. 3 The relaxation rates R3/2%/2 R3/23/2 R1/2572 and R$/272 plotted

versus the correlation time tq in case when n = 0 (dashed line) and = 0.1
(solid line) for ag = 668 MHz. Solid vertical lines show the time range
in which the relationship R3>%/2 > R%/25/2 5 R3/27/2 s fylfilled, dashed
vertical lines correspond to the range in which the relationship R3/?4/2 >
Rg/2,3/2 > R;/Z,S/Z > Rg/2'7/2 holds.

obtained for these parameters are included in Table 1. One
can see that the frequency dependence of the theoretical

23418 | Phys. Chem. Chem. Phys., 2018, 20, 23414-23423

5.0 x 10~ ? s (dashed vertical lines in Fig. 3). Applying the same
strategy as for 310 K and using the formulae for n # 0
(Appendix), Aaqg = 0.98 MHz and tq = 3.63 x 10~ ° s have been
obtained. The correlation time for 300 K is somewhat longer
than for 310 K, as expected. The parameter Aa,, remains unchanged.
Table 1 also includes, for comparison, theoretical values of the
relaxation rates for n = 0.

An analogous analysis has been performed for deuterated
BiPh; at 77 K. For this temperature the quadrupole coupling
constant becomes somewhat larger: a, = 685.63 MHz

This journal is © the Owner Societies 2018
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and # = 0.095. The model-free approach well reproduces the set
of relaxation rates Ry**2, R}*>*, RY*"%; it is not surprising
that at low temperatures the amplitude of the fluctuations
of the quadrupole interaction is smaller. However, the relaxa-
tion rate R3'>"/? cannot be reproduced in this way, it is too large.
One could propose an extended approach involving two
motional processes (and, in consequence, two dipolar relaxa-
tion constants and two correlation times) - then the relaxation
rate at the lowest frequency, Ry>"?, could be reproduced
in terms of a slower dynamics which manifests itself at
low temperature. As the motion is slow, with increasing fre-
quency it becomes much less efficient as a relaxation mecha-
nism and therefore it does not contribute much to the
relaxation rates for the higher frequencies. We decided against
that. The goal of the paper is not to develop a multi-parameter
model of quadrupole relaxation, but explore limitations of the
simplest possible approach to explore the most basic mecha-
nisms involved in QRE and their impact on potential applica-
tions in MRI.

The situation becomes more complex for non-deuterated
BiPh;. In this cases the 2°°Bi relaxation results from two relaxa-
tion pathways - the fluctuations of the electric field gradient
tensor and *°°Bi-'H dipole-dipole interactions with surround-
ing protons. For deuterated BiPh; the second relaxation
channel is not present - in consequence, the relaxation rates
for deuterated BiPh; are smaller than for the non-deuterated
compound. One can see from Table 1 that the differences in
the relaxation rates (that could be attributed to >***Bi-'H dipole-
dipole interactions) are significant: 2010 s, 704 s™', 654 5"
at 310 K for the transitions 2, 3 and 4, respectively; they are, in
fact, comparable with the relaxation rates associated with

the fluctuations of the quadrupole interaction; the ratio
(nondeuterated) (deuterated)
X = RZ,exp - R2,exp
- R(deuterated)
2.exp

yields: 1.3, 0.4 and 0.5, for the

transitions 2, 3 and 4, respectively. The order of the relaxation
rates remains unchanged. The common belief is that when
quadrupole interactions are present, they provide the predomi-
nating contribution to relaxation of the quadrupole nuclei -
here we see an example that dipole-dipole interactions with
neighbouring protons can give a considerable contribution to
the relaxation. Nevertheless, as long as only the transitions 2,
3 and 4 are concerned, one can still relatively well reproduce the
relaxation rates neglecting the *°’Bi-'H relaxation pathway.
This contribution can be mimicked by a larger Aag and tq
values as shown in Table 1 for 310 K. The positions of the NQR
lines lead to ag = 668.32 MHz and y = 0.087; the values are
almost the same as for the deuterated counterpart. Then, the
analogous analysis of the spin-spin relaxation rates has given
Aag=1.25 MHz and 14 = 3.71 x 10’ 5. This can be misleading
when there is no comparison with corresponding results for a
deuterated compound. However, when the lowest frequency
transition is included (see Table 1, 300 K and 77 K, non-
deuterated BiPh;) one can see that the relaxation rate for the
first line (the lowest frequency) is again significantly larger than
the other ones. For 300 K the ratios x yield: 4.2, 1.4, 0.6, 0.5 for
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the transitions 1, 2, 3 and 4, respectively (from the ratio one
can also see that for the transitions 2, 3 and 4 the relative
contribution of the **’Bi-'H dipole-dipole relaxation mecha-
nism increases with decreasing temperature). One should point
out that for non-deuterated BiPh; the discrepancy between the
theoretical and experimental relaxation rate associated with the
lowest transition is large already at 300 K (for the deuterated
counterpart this effect has been observed at 77 K). This sup-
ports the concept of two motional processes driving the 2°°Bi
relaxation and affecting the dipolar and quadrupole relaxation
channels to different extend. The effect of the "H->*’Bi dipole-
dipole relaxation can again be mimicked for the relaxation rates
R3>'?, Y>3 and R3**' by setting Aaq, = 1.25 MHz, but not for
the relaxation rate R3/>/2.

The situation repeats itself at the low temperature of 77 K.
In this case the ratios x are: 5.1, 4.0, 4.4, 4.7 for the transi-
tions 1, 2, 3 and 4, respectively, that shows a considerable
contribution of the **’Bi-'H dipole-dipole relaxation pathway,
independently of the mechanism of motion. Analogously, the
relaxation data at higher frequencies (R3*'?, R}**? and
R3**?) again can be captured by the model-free approach
(although one should be aware that the obtained parameters
are misleading as they compensate the missing dipolar relaxa-
tion contribution). This approach, however, breaks down at the
lowest frequency, indicating a need of a more advanced
motional model. This is a matter of decision - from one side
one may wish to apply a model which consistently describes the
quadrupolar relaxation at all frequencies, but from the other
side, taking into account that in some cases (for instance, the
planned medical applications as contrast agents for high
frequency scanners) the lowest frequency is of not much
importance, one may decide to stay with the simplest model
because of its advantage: a simple mathematical form includ-
ing only two parameters. This statement should not be treated
universally as this is the first attempt to reveal the relaxation
scenario in such systems. Further investigations with other
Bi-compounds should reveal if refined models will be necessary
in the future.

Finishing, it is worth to point out that as vibrational
frequencies are considerably larger than NQR frequencies,
one can expect that relaxation models based on phonon
models**° would lead to a spectral density being almost
independent of the corresponding NQR frequency (at least for
single-phonon processes). In consequence the ratios between
the relaxation rates associated with different NQR lines would
follow the same (very similar) relationship as in the extreme
narrowing case. This does not agree with the experimental
finding.

5. Conclusions

We have performed NQR experiments for deuterated and non-
deuterated BiPh; at 310 K, 300 K and 77 K. The experiments
have provided *°°Bi NQR transition frequencies and the corres-
ponding single-quantum spin-spin relaxation rates. On the
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basis of the transition frequencies the quadrupole parameters
(aq and n) have been determined. The quadrupole parameters
somewhat vary with temperature (for instance aq varies
between 668.32 MHz at 310 K and 684.63 MHz at 77 K for
non-deuterated BiPh;z). The asymmetry parameter is small,
below 0.1. The parameters are slightly different for the deuter-
ated and non-deuterated compounds.

The relaxation process has been described by means of the
Redfield relaxation theory. Full expressions for the relaxation
rates in terms of spectral density functions have been provided
for the general case of # # 0 and their limiting forms for # =0
have been derived. It has been assumed that the **’Bi relaxa-
tion is caused by fluctuations of the electric field gradient
tensor (and hence fluctuations of the quadrupole interaction)
around its averaged value (described by the parameters aq
and 7). Following the model used in the literature to describe
electron spin relaxation in paramagnetic contrast agents
(transition metal complexes) caused by fluctuations of ZFS
interactions, it has been assumed that the fluctuations of the
quadrupole coupling are of “rotational-like” nature and there-
fore can be characterised by a constant (time independent)
amplitude, Aaq, and a correlation time, 7q. The model is an
obvious simplification, but its advantage is the very simple
mathematical form of the spectral density (Lorentzian func-
tion) and only two parameters. At this stage it is worth to stress
that the correlation times, 74, do not change significantly with
temperature. One can see two reasons for that. The first one is
that the relaxation rates do not largely change with tempera-
ture, either. The second reason is the underlying concept of the
analysis. We intend to reproduce the general features of the
relaxation, like the relationship between the relaxation rates at
different frequencies and their temperature trends, in terms of
a simple model. This is possible, but the obtained parameters
should be treated with caution.

The first conclusion of this work is that for deuterated BiPh,
this model indeed captures the main features of the quadru-
pole relaxation at higher frequencies (in the range important
for Magnetic Resonance Imaging). The situation is, however,
different for non-deuterated BiPh;. Looking even only at the
experimental values of the spin-spin relaxation rates, one can
see that they are larger than for the deuterated counterpart.
The differences are comparable with the corresponding relaxa-
tion rates for deuterated BiPh;. We interpret this as a very
strong indication of a second important relaxation channel, i.e.
'H-*>"’Bi dipole-dipole interactions. This leads to the second
conclusion that for compounds containing quadrupole nuclei
(specifically *°°Bi) the assumption that the quadrupole inter-
actions provide the dominating relaxation mechanism for the
quadrupole nuclei is not correct in the general case. This is
relevant from the perspective of exploiting QRE effects as a
contrast mechanism for MRI. The quadrupole spin relaxation is
of primary importance for the efficiency of QRE effects as the
quadrupole spin relaxation strongly influences the possible
achievable 'H spin-lattice enhancement. Eventually we wish
again to stress that although in this paper the relaxation
scenario in solids has been investigated, the results are of

23420 | Phys. Chem. Chem. Phys., 2018, 20, 23414-23423

View Article Online
Paper
high relevance for solutions of nanoparticles containing

quadrupole nuclei as for nano-size objects the rotational
dynamics is slow.
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Appendix
Matrix elements of the main Hamiltonian

Matrix elements of the Hamiltonian, Hq(S) in the {|S,mg)} basis
take the form:
diagonal elements:
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off diagonal elements:

99/ 195 9 5|19 9
A 2 N S W i 2 ) S
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97 193 9 3 9 7
(33l10f53) = (35105 5 - sa300n

Ne)
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93 9 1
Z 2 HplZ —=) =

(33lmfs 3) = (3afols

The elements of the Hq(S) matrix below the diagonal can be
obtained from the relationship, where “*” denotes complex
conjugation. Other elements are equal to zero. Diagonaliza-
tion of the Hamiltonian matrix gives a set of eigenvalues
(energy levels) {E,} associated with the corresponding eigenvec-
tors {i,} given as linear combinations of the {|i) = |S,ms)}:

2841
Vo= 2 duli)-

i=1

<
<
<
g

> 24\f aQl

Matrix elements of the perturbing Hamiltonian

Matrix elements of the perturbing Hamiltonian, Hq'(t), in the
{|S,ms)} basis take the form:
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diagonal elements:
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The elements of the Hy'(S) matrix below the diagonal are
given as (m|Hq(S)|n) = (n|Hq(S)|m)*, where “*” denotes com-
plex conjugation. Other elements are equal to zero. The Wigner
rotation matrices*”*® depend on time via stochastic fluctua-
tions of the angle Q(¢) describing the orientation of the princi-
pal axis system of the perturbing Hamiltonian with respect
to the principal axis system of the main Hamiltonian:
Do, (£) = Do (Q(1)).

Expressions for the relaxation rates

According to the Redfield relaxation theory the relaxation rates
measured in the NQR experiment correspond to the relaxation
coefficients R,s,5. They are given as linear combinations of
“generalized” spectral density functions j{m):***>™**

Rx[)‘rxﬁ = _jmﬁ[f (ww) - jota[f[f (a)[fﬁ) + Z ijy (w}'zx)

+ Z jﬁvﬁv (wﬁz’)
7
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The J,.p5() quantities are determined as:

Fugnl) = Re| | 0ulHa 0100 byl e 0) ) exp(—wr)d

_ E[&} ’
8|S(2S—1)
x {miz<¢a|T,,f<s>|m><w|Tmz<s>|¢,g>}f<w>
where the spectral density J(w) is given as:
J() = J (Do (1) Do (0)) exp(—iwt)dr = %1+Tw—o2rQ2

Thus, the formula for R,s,; can be rewritten in the form
suitable for practical calculations:

25+1

+ Z éow ac,sc/ ,oc

2541

Z Ep o (@0py)

Rapop = Coupduapp(0

The coefficients ¢, &,, can be expressed by the coefficients a,,;
and ag; for the eigenstates |if,) and |yg), respectively. Their
explicit form for S = 9/2 are given below:
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