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Effects of Higher Rank Multipoles on Relaxation of an / = 3 Spin System
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Magnetic multipoles of rank higher than one become active in  condition, the effect of higher rank multipole terms is particu-
spin systems with | > 1/2 and their contribution to relaxation de-  larly significant , 8).
pends on dynamics. The appearance of multipole terms complicates Because of the great importance of #iB nuclei in biology
f[he relaxatioqdescriptign and supportsthe mult.iexponential b.ehav- and biomedicineX?2) and also for the sake of completeness, to
lor of relaxation. In this paper the effects of high-rank multipoles ) e integer spins, we extended the analysis tb tae3 spin.
on lineshape and longitudinal relaxation of I = 3 spin systems are The theory of relaxation of the so-called “states of multipoles”

presented. Results obtained from both numerical simulation and ex- 13) is based Redfield iclassical th f relaxati
perimental data show that longitudinal and transverse relaxation (13) is based on Redfield's semiclassical theory of relaxatior

are strongly influenced by these multipole terms, especially at lower (14).

temperature where, due to lower molecular mobility, the extreme T[]oe experiments of’B have been realized on samples of
narrowing condition is not fulfilled. © 2001 Academic Press Nay*°B1,H11SH (BSH), a molecular compound where edt®
Key Words: 1°B-NMR; higher rank multipoles. nucleus is bound to four othéfB and by covalent link to

one hydrogen nucleus. The BSH, currently the most promis
ing molecule for BNCT (boron neutron capture therap9)J,
INTRODUCTION has been studied using glycerin as a solvent so that the co
dition of a nonextreme narrowing regime is better fulfilled at
Nowadays it is widely recognized that NMR relaxation iglifferent temperatures. To prove that the thermodynamic stat
a powerful tool for studying the dynamics of macromoleculasf magnetization influences the appearance of effects related
aggregates]( 2). It is also a common belief that such aggrehigher rank multipoles, the lineshape has also been measur
gates are characterized by “slow” motion, which often conveyy inversion recovery experiments under conditions where th
relaxation outside the extreme narrowing regime and produg@agnetization was prepared to be more or less close the the
differences in the spectral densities involved. In such a case, fagdynamic equilibrium. The inversion recovery experiments
spins| > 1/2, the NMR relaxation can no longer be describegerformed at different temperatures, show that the longituding
by a single exponential because, in addition to the frequency detaxation is well described by a multiexponential decay as pre
pendenced, 4), state multipoles of rank higher than o®¢on-  dicted by multipoles theory while the lineshapes behave as thos
tribute to the relaxation process. This latter aspect, not yet fully half integer quadrupolar nuclei. In addition, the influence of

recognized, could influence, for example, the relaxation daignamics on the multipoles effect has been fully confirmed.
obtained from inversion recovery experimeréis 8 by compli-

cating their interpretation, especially for higher spin quantum THEORY
numbers.

It has been shown thatin an isotropic molecular system the de+ollowing Einarsson and Westlun@)( we describe the relax-
cay of magnetization is described by 1/2 exponential func- ation of| = 3 nuclei by means of a spin system density matrix
tions for half integer spins and byexponential for integer ones (12) within the framework of the Bloch—-Wangsness—Redfield
(9). While the case of = 3/2 has been explicitly solve®{ relaxation theory 14, 16, 17. The relaxation of longitudinal
10), the cases of = 5/2 andl = 7/2 have been dialed with components of state multipoleg‘ (18, 19 is therefore descri-
the aid of numerical approximation$X). In spin systems with bed by
| =3/2,5/2, and 72, it has also been demonstrated that the
effect of higher rank multipoles depends on the pulse sequence dEJOK t) = Z RgoK/(aoK’(t) — OKéq), [1]
parameters and on the thermodynamic state of magnetization t K’

(6). For example, when spectra are recorded using the reSid\%lere
magnetization available near the inversion recovery null-point

onf=pr(—1)'-“(2}<+1)1/2($ L ﬁq) 2
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and K denotes the rank of state multipoles here expressed )&}? amplitudes and differerf§ relaxation rate exponents. The
Wigner 3-j symbols (8). The subscript eq denotes the therexplicit forms of theAX amplitudes and of th§ exponents are
modynamic equilibrium condition ana,, are the density ma- calculated in the Appendix.
trix elements in representatigfw)} that diagonalizes the static  The numerical analysis of results shows thatfor= 1 two
Hamiltonian; R indicate the elements of the relaxation suof the three amplitudea!'s are negligible while for multipoles
permatrix for state multipoles given b$&, 20, 2) of rankK = 3 andK = 5 all of the amplitudesAk, A¥, and

AX are notable and their values decrease to zero upon increasil

b0 =Y Ruapp(—1)? “P(2K + 1)V2(2K’ + 1) the rate of molecular motion,~* (Fig. 1).

ap In Fig. 2 the simulated time evolution of the longitudinal com-
| | K | | K’ ponents of dipole, octupole, and 32-pole is presented for an ir
X <a —a 0 ) (/g —B8 0 > : [3] version recovery experiment as in Eq. [6]. The results show tha

the multipoles of rank 3 and 5 reach their maximum values a
Forl = 3there exist 2 multipoles withk =1, 2, ... ., 6 (dipole about the null-point time, in agreement with the results obtainec

quadrupole, octupole, 16-pole, 32-pole, and 64-pole). HoRD halfintegerspinsﬁ( 23_. In Fig.3thetimeevolution_ofl_ongi-
ever, because quadrupolar relaxation couples only even t¢flinalcomponents ofdipole, octupole, and 32-pole is simulate:
only odd rank of state multipoles, the dipole, octupole, arftf functions of the correlation timg. The plots show that the

32-pole evolutions are governed by the system of three coupfigPlitudes and the time positions of the octupole and of the
first-order differential equations, which for 32-pole maxima depend amz: for higherwote, that is very
far away from the extreme narrowing condition, the maxima

[4] with higher amplitudes are located around the null-point time
site. On the other hand, in the extreme narrowing limit, the rank:
of multipoles are conserved during relaxation and the longitu-
dinal component of magnetization, which is determinedy
relaxes exponentially with rat}3. The results of Figs. 2 and 3
have been obtained withy = 64 MHz (the resonance frequency
of 1°B in a magnetic field of 600 MHz for proton) antly =
1.25 MHz, the quadrupolar coupling constant*88 nuclei in

X(I)( (t) = GOK (t) - UOKeq

has the form

9 xe =

KK’ K’

Xo (1) [3]
o Xo
dt K'=135

For this system the initial conditions, after gulse, in high tem-

perature approximation, are given b (0) = — 25k 18mo. BSH 23).

KK’ . :
The Ryy _ matrix elt?ments are reported in Tablell where only EXPERIMENTAL RESULTS AND DISCUSSION
terms with |[K — K’| = 0,2 have been taken into account

(6). The elements of the relaxation matrix have been evalu- 5| measurements were performed on a Bruker AMX 600

ated for quadrupolar interaction with vanishing time'avera%ectrometer. Th¥B spin—lattice relaxation and tHéB line-

values. _ shapes, measured on the magnetization close the null-point tim
The solution of system [5] may be presented in the form e optained on a sample composed by $8Béenriched BSH

(purchased from Boron Biologicals) and glycerin to slow down

Xgt)=Ck Y Afe", [6] the BSH dynamics even at room temperature. T4 spec-
i=123 trum of BSH dissolved in BO atwg = 64 MHz is reported in
Fig. 4.

whereC; = Cs = Xj(0) andCz = —C;. In other words, the re- T, experiments were performed using a standard inversio
laxation of each state mUltipOle is described by a linear Combécovery pu|se sequence with about 40 time points for eac
nation of three exponential functions characterized by differegfeasurement. The 18@ulses duration were from about 20 to
about 30us depending on temperature. In Table 2 ¥##® lon-
gitudinal relaxation times measured at six temperatures rangin
from 238 to 300 K are reported as calculated using multiexpo:
nential fitting functions. The best results have been obtained b
a three-exponential fit &t =238 K andT =243 K, by a two-
exponential decay &f =248 K, 258 K, and 278 K, and by a

TABLE 1
R’ Matrix Elements for | = 3 spins
5 = — 56 A4 (i (o) + 4] (20))
5 = R36 = ~ 2y Ad(i (@0) — j (20))

33 = — 3 AZ(51j (wo) + 54j (2w0))
5 = Ros = — a5 AA(i(wo) — j (200))
RSs = — 3 A3(9i (o) + 8] (2w0))

Note. Ay is the quadrupolar coupling con-

stant.

monoexponential decay at= 300 K, according to the provi-
sions of Fig. 3. The effect of higher multipoles on relaxation
becomes less effective as molecular mobility increases. In thi
case the octupole term is much greater than the 32-pole term b
both are much smaller than dipole: thus just octupole apprecie
bly affects the dipolar line.
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FIG. 2. Time evolution of the longitudinal components of state multipoles

aoK (for dipole, octupole, and 32-pole) during the defdyetween the inversion
recovery pulses. The simulation has been performeddes = 1, wherewg =
64 MHz andAqg = 1.25 MHz.
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FIG.1. The amplitudesAR which characterize the relaxation of each state

multipole described by the linear combinations, Eq. [A8]. Ret 1, the numer-

the rate of molecular motiofy * increases.
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FIG.3. Plots of thes} (dipole),od (octupole), ands (32-pole) time evo-
ical calculation shows thal&% andA% are in practice negligible. The amplitudeslution during the delayt between ther and ther/2 pulses of the inversion
of K= 3 (octupole) anK =5 (32-pole) are roughly equivalent and decrease agcovery sequence by varyingtc. The simulation has been realized by using
wo = 64 MHz andAq = 1.25 MHz.
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FIG. 4. 10B spectrum atwy = 64 MHz of 75 mM of1%B 95%-enriched BSH in BO at 300 K. The structure of the molecule in solution (BSH anion) is
reported in the inset. In the molecule each boron atom is coupled to one hydrogen, except for one boron atom, which is bound to the sulfur of thel&H gro
spectrum shows four resonances, which are associated to the four nonequivalent boron sites. Becauseooftitgy with protons, each line of the spectrum
(except for that associated with sulfur) shows a doublet with spacing of about 41 Hz. The spectrum was acquired in a single scan and apodized iwéh a 8
broadening function. The zero frequency corresponds to the resonance % thigboric acid.

In Figs. 5 and 6 the experiment&B lineshapes at dif-
ferent temperatures are shown. For each temperature, the
lineshape obtained from magnetization near the null-point
time and the lineshape obtained using a singlé Paise,
corresponding to equilibrium magnetization, are reported
and compared. At temperatures of 238, 243, and 248 K
(Figs. 5a, 5b, and 5c, respectively) the spectral lines obtained
near the null-point are slightly narrower with respect to the
ones obtained from equilibrium magnetization; the effect is
more evident at the lowest temperatufie £ 238 K), where
the condition of extreme narrowing is least fulfilled. On the
other hand, at temperatures of 258, 278, and 300 K (Figs. 6a,
6b, and 6c, respectively) the spectral lines obtained in in-
version recovery experiments are slightly larger than those
obtained from equilibrium magnetization. Furthermore, at
278 K, the spectrum of inversion recovery experiment shows
two peaks, while the corresponding equilibrium lineshape
does not exhibit structure. A similar situation is also present at

TABLE 2
The 1°B Longitudinal Relaxation Times, Measured at Six
Temperatures, Are Reported

FIG. 5. ExperimentalB lineshapes al = 238 K (a), 243 K (b), and

[ [ If
T N N N 248 K (c). The linewidths of spectra obtained from magnetization detected nea
238 K 7.00 0.1 (80) 10.0Qt 0.2 (8) 17.6+ 0.4 (12) thenull-pointtimein the inversion recovery experiment (solid line) are narrowed
243 K 1.3+ 0.1 (70) 8.7+ 0.2 (18) 14.7+ 0.4 (12) With respect to lineshapes obtained from equilibrium magnetization (dashe
248 K 4.234 0.04 (78) 8.14 0.3 (10) 11.0k 0.4 (12) line). This effect is “amplified” at lower temperature. The inversion recovery
258 K 1.10+ 0.05 (85) 3.5+ 0.1 (15) spectra were obtained by averaging 64 scans, each taken with a recycling tin
278 K 1.25:+ 0.05 (96) 1.46k 0.05 (4) of 1 s and delays between the inversion recovery pulsesof ms T = 238K),
300 K 4.074 0.04 (100) t =3 ms ([ =243K), andt = 2.5 ms (I = 248 K); spectra from equilibrium
magnetization were acquired after a singj& pulse by averaging 8 scans with
Note.The relative amplitudes of the various relaxation componﬁ'&é'” 1 s of recycling delay. Also in this case the zero frequency refers to the resonanc

are reported in parentheses as a percentage. of 198 of boric acid.
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2) f perimental data have been obtained'e® of BSH molecules
i in glycerin, at different temperatures, by an inversion recoven
[ pulse sequence and a simple® §ulse excitation. The exper-
imental data are in agreement with the theory developed on
similar basis of that already existing for half integer quadrupolal
nuclei.

This contribution can be seen as an extension of the highe
rank multipole theory and it may be able to furnish important
information to perform quantitative’B spectroscopy of boron
compounds as it is needed, for example, to optimize BNCT.

The relaxation related to higher rank multipoles can be use
as an extension or as a complementary tool to the traditions
relaxation experiments to study biological systems in order t
characterize in detail their dynamics, especially their slower dy
namics.

APPENDIX

The Laplace transformation of the system Eq. [5],

d )
FXo0= > RGXg ), [A1]

K’=1,3,5

leads to aninhomogeneous system of algebraic equations whc
solution may be expressed in the form

> keras X& () Dkk ()
D(S) '

, , whereDg g/ (S) are algebraic complements of the corresponding
FIG. 6. Experimental'°B lineshapes af =258 K (a), 278 K (b), and rpatrix and

300 K (c). The linewidths of spectra obtained near the null-point (solid line
are slightly broadened with respect to the lineshapes obtained at equilibrium 3

(dashed line). The inversion recovery spectra were obtained by averaging D(S) = det( S(SKK = l_[(s_ S) [A3]
64 scans with a recycling delay & s and witht = 1 ms (T = 258 K),t = i

0.8ms (T = 278 K), andt = 3 ms (T = 300 K). The spectra from equilibrium

X (S) = [A2]

PPmM ~20 ~30 —0 —éo

magnetization were obtained as were those in Fig. 5. The rootsS of the characteristic equations have the form
— a
. . S5 =2 il cosg _a
T = 258 K, to a lesser extent. Thus, in general, the compari- 3 3 3
son of lineshapes obtained from magnetization detected near the [A4]
null-point time with the ones obtained from equilibrium mag- _ —p p T a
N . . S3=-2/—coy ;x5 )+
netization is in agreement with that reported for half integer ’ 3 3 3 3
spins 6).

However, since thé = 3 spins are part of the BSH moleculeWhere
the 1°B lineshapes should show some structure related to the
magnetic site symmetry of molecule. In Fig. 6¢c, for example, . _f _
each of the two spectra is made up of four lines due to the fouP N 3’ a= 27
nonequivalent boron sites of the BSH molecule (see also Fig. 4).

The spectrum shows an evident asymmetry of the two inner Ilnes

compared with that obtained from equilibrium magnenzatloﬁ”

This can be reasonably explained as a consequence of the dy 11 =33 (55

namics shift £8), which is responsible for nonsymmetric S|gnal 0~ 00 T 00

and which makes the phase adjustment a difficult problem. — _(R13)2 _ 55

This appears to be the first time that the effects of highear2 ( O) ( ) - ROO 0 ot ROO 0 o+ RO 8]
rank multipoles have been evaluatedlor= 3 nuclei. The ex- ag = —RERSRSS + R35(RE)’ + RI(RE)%.

aa -
ad— 22 cosp = d [A5]
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The solution of the system [A1l] satisfies the initial conditionss.

XK(0) = —%Smamo and may be written in the form .
7.
X§M)=Ck Y  Afed, [A7] g
i=1,2,3
0.
where (see also Table 1) 10.
2

o _ S (RE+ RS + RESREE— (RGD
Hkii (&%—9) ii

55 13
pe = (RS~ )R A8 o
[Tksi (S = S) :

s RERE

[Tksi (& — S) 1.

are the amplitudes associated to the longitudinal recovery of
dipole (A'), octupole @?), and 32-pole &) state.
18.
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