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The temperature dependence'bf and*>C nuclear spin-lattice relaxation rat¢T; has been studied in the 1.6 K - 4.2 K tem-
perature range in pure pyruvic acid and in pyruvic acid coirig trityl radicals at a concentration of 15 mM. The tengdare
dependence of /T is found to follow a quadratic power law for both nuclei in ttveo samples. Remarkably the same tem-
perature dependence is displayed also by the electronatpite relaxation rate /IT;¢ in the sample containing radicals. These
results are explained by considering the effect of the giratdynamics on the relaxation rates in pyruvic acid. Dygitanuclear
polarization experiments show that below 4 K #3€ build up rate scales with/Te, in analogy to*C 1/T; and consistently
with a thermal mixing scenario where all the electrons atkectively involved in the dynamic nuclear polarizatioropess and
the nuclear spin reservoir is in good thermal contact withelectron spin system.

1 Introduction most common and relevant regime for the molecules utilized
in metabolic imaging is seemingly the TM'14 which is ef-
In recent years Dynamic Nuclear Polarization (DNP) has beefective when the electron resonance linewidth is largen tha
shown to be one of the most promising technique for hyperL and the interactions among nuclear and electron spins are
polarizing nuclear spins. DNP increases the nuclear steadfrge enough to establish a common spin temperature for the
state polarization thanks to a transfer of magnetic ordenfr two reservoirs.
the electron to the nuclear spins under microwave irragtiati  The TM regime is attained in pyruvic acid (PA) labelled
close to the electron Larmor frequenayj. The application  with 13C and doped with a concentration of trityl radicaty (
of DNP has catalyzed major advances in the Nuclear Magef the order of 10 mM*-18 PA has been up to date the most
netic Resonance (NMR) of low sensitivity nuclei in nano- widely investigated system fom vivo DNP applications due to
sized material in the high resolution NMR of biological its role in glycolytic pathway%® and it can be considered as a
sample$ and inin vivo real time imaging of biomolecules, prototype system to study the TM regime. Several DNP exper-
hardly achievable with other methddsFor preclinical Mag-  iments have showhC polarizations approaching 20-30 % in
netic Resonance Imaging (MRI) DNP is performed in solu-PA doped with trityl radicals, at a temperatire~ 1.2 K and
tions containing diamagnetic biomolecules labelled Wi@  for a magnetic fieldH) of 3.35 Tesl&2. In order both to op-
and a small concentration of stable radicals. The mixture igimize and to validate novel theoretical models of TM, saler
cooled down to about 1 K and, once the maximi#@ po-  investigations of the nuclear and electron relaxation gsses
larization is reached, it is rapidly dissolv&d and injectedn  around 1.2 K have been performed. The effect of relevant
vivo, where the metabolic processes accessed by the hypgrarameters, including the radical concentratiot® the con-
polarized substrates are monitored by mean¥®6fMRI or  centration of gadolinium complex&sl’, the nuclear concen-
Spectroscop§®®. tration'®°, the amount of matrix deuteratié?) the effect of
While significant scientific and technological efforts are Microwave saturation and the field strentjth®2*on the DNP
nowadays spent to introduce dissolution DNP into the clini-Performances of this molecule have been experimentaldl stu
cal practicé®12 there is growing interest in the fundamental ied. Remarkably very recently, the relevance of these physi
investigation of the physical mechanisms driving DNP. Thequantities on DNP kinetics has also been considered in the de
first basic description of the DNP phenomenology dates to &€lopment of novel models describing TM throughout a rate
few decades add, when different regimes, the Solid Effect, equation approacti?#23 Nevertheless, the role of the prop-
the Cross Effect and the Thermal Mixing (TM), were definedérties of the glassy matrix formed by the polarized molesule
depending on the magnitude of parameters such as the nuclejtd radicals has not been investigated to a deep level.
resonance frequencyy), the coupling among the electron  The importance to achieve a glassy matrix, yielding a ho-
and nuclear spins and the external magnetic field strendph. T mogeneous distribution of internuclear and electron-earcl
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distances in order to optimize DNP, has been well recog-
nized®1824put a detailed study of the glassy dynamics of PA
below 5 K and its effect on DNP has not been addressed up to
date. In this regard the investigation of the spin dynamfcs o 250000 - i
nuclei such adH, not involved in TM, can eventually help to
identify the relaxation processes driven by the couplinthwi
the glassy dynamics.

In this paper &H and3C NMR study of pure PA and PA
containing trityl radicals at a concentration of 15 mM ispre
sented. It is shown that the spin-lattice relaxation raf@}L
of 1H and®3C nuclei and of the radical electron spins show all
a nearly quadratid -dependence below 4.2 K. Remarkably,

while the*H spin-lattice relaxation rate (T;) is scarcely af- O 31K

fected by the presence of paramagnetic radicals:3@espin- °7 A - o o
lattice relaxation rate (AT;c) shows a sizeable enhancement Time (s)

upon paramagnetic doping. Moreover, thH€ polarization

build up rate is found to follow the sanfedependence of the

spin-lattice relaxation rates. All these results are erpld, ~ Fig. 1Recovery law forH nuclear magnetization in PA at 3.1 K
below 4 K, in terms of the glassy dynamics which character2nd 0.87 Tesla after a saturating pulse sequence. The edlithe is
izes the PA and by resorting, f82C DNP and spin-lattice the best fitaccording to the functigit) = Mo(1 —exp(—7/Tin)).
relaxation, to the TM approach in the regime of good thermal

contact between the nuclear and electron spin systems.

u.)

200000 B

150000 — 4

100000 — -

Integral of signal amplitude (a.

7T+
2 Experimental methods and technical aspects 0.6- i
1-13C pyruvic acid (PA) and un-labeled pyruvic acid & 0.5+ \ 1
(uPA) were purchased by Sigma Aldrich. The free rad- -‘504_' @’5 : ]
ical trityl OX063 (tris8-carboxyl-2,2,6,6-benzo(1,256d)- g e :é

bis(1,3)dithiole-4-ylmethyl sodium salt) was kindly pided T 0.3 o 8
by Albeda Research. For NMR and DNP experiments,[1100 2 ) MW ! @ MW

of PA and of uPA, a 15 mM solution of OX063 in 1Q€L of ° 02 ON | Q OFF i
1-13C pyruvic acid (PA15) and a 15 mM solution of OX063 in S 0.1- | ]
100 uL of unlabelled pyruvic acid (UPA15) were transferred £ 4 ! beee 1
inside quartz tubes and sonicated for 10 minutes. The sam- 0-04 ! ]
ples were cooled down to 4.2 K following several procedures, 0 2000 4000 6000 8000 10000 12000 14000
detailed in Appendix 6.1. Time (s)

DNP experiments were performed by means of a home-
made polarizer. A DNP-NMR probe was inserted in a bath
cryostat and placed inside a superconducting magnet. Withirig. 2 13C polarization build-up under MW irradiation (MW ON)
that apparatus the temperature could be carefully coattoll and relaxation to the thermal equilibrium value of the nacle
through helium adiabatic pumping between 1.6 K and 4.2magnetization (MW OFF) in PA15 at 2.67 K and 3.46 T. The red
K. DNP was achieved by irradiating the samples with mi-lines are fits according to the functions explained in thé tex
crowaves (MW) emitted by a Gunn-diode source operating
in the 96-98 GHz frequency range, with a nominal output
power of 30 mW!H and'3C NMR probe radiofrequency (RF) recovery law was described lyy7) = Mo[1 — exp(—T1/Tin)]
circuits were tuned at 37.02 MHz and accordingly the stati(Fig. 1), indicating that all the protons are characteribgd
magnetic fieldH was set to 0.87 Tesla and to 3.46 Tesla, re-2 common spin temperaturéH and*3C NMR spin-spin re-
spectively. The NMR signals were acquired with a solidestat laxation times T4 and Tc) were measured by means of the
Apollo Tecmag NMR spectrometer coupled to a homemadéiahn Echo sequence.
RF probe. H NMR spin-lattice relaxation timeTgy) was DNP experiments were performed by irradiating the sam-
measured using standard saturation recovery sequendes witle at the MW frequency maximizing the positive polarizatio
a1/2 pulse length in the 2 3 us range. In all sampletH enhancement, about 97 GHz at 3.46 Tesla. In order to ac-
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directly by observing the effect of the time evolution ofele
0.008 N tron spin polarization on the NMR paramagnetic shift, and
] @@é@% hence on the NMR signal, after the MW were turned off. In
0.007 © . particular, after RF saturation the sample was polarized un
der MW irradiation for about 10-15 minutes. This time is
enough for the electrons to reach steady state saturatwhn an
] additionally, to increase th¥C signal-to-noise ratio signifi-
cantly without having to wait the long time required to reach

)

0.006

0.005

00044 MW

Integral of signal intensity (a.u.

MW Puw. Subsequently, a low flip angle acquisition sequence was
0_003_. ON OFF ] started, with 3 flip angles and with time delay between con-

1 secutive FID acquisitions between 15 ms and 100 ms. Around
0.002+ © n 3-9 s after the beginning of the sequence, MW were switched
oot .+ o THYT off and the'3C NMR signal was followed for few seconds.

0 2 4 6 8 10 During this time window, since the nuclear relaxation iseoed

Time (s) of magnitude slower than the electronic one, the paramagnet

shift of the13C NMR line Awy is found to vary proportion-
ally to Ps(t) O exp(—t/Tie) and to finally reach a plateau. The
Fig. 3Integral of the imaginary part of th€C signal as a function  variation ofAwy correspondingly implies a modification of the
of time in PA15 at 2 K by means of a low flip angle acquisition shape of the NMR signal. Johannesson éPalave described
scheme withor = 3° andt = 30 ms. In this experiment the MW a detailed procedure which allows to analyze the NMR signal
were switched off 3.5s after the_sequence start. Data haam be shape and to quantify th€C NMR line shift. However as
corrected by the a”'f'c'f’." decay induced by th.e apphcaﬂb’(he long as the precise determination of the line shift is not-con
readout pulses. The points collected after switching off Mauld 9 P .
be fit to a simple exponential decgit) — Aexp(—t/Tye) (red cerned, more workable approaches can be adopted to estimate
curve). Tie. In this work T was extracted by fitting the decay of
the integral of the imaginary part of tHéC signall (t), ob-
tained after switching MW off, to a simple exponential decay
quire 13C build up curves, thé*C NMR signal was sampled Aexp(—t/T1e) (Fig. 3). Further details on the procedure used
under MW irradiation after RF saturation (Fig. 2). The Freeto deriveT,¢ are given in Appendix 6.2, where a complete de-
Induction Decay (FID) signal was acquired up to steady statgcription of the NMR shift time dependence in presence of
applying subsequent low flip angle readout pulses (ab®dt 6 both electron polarization dynamics and the nuclear praari
with a repetition timer between 120 s and 600 $3C steady  tion dynamics is also provided and discussed.
state polarizatiof. and the polarization time constafy,
describing the progressive growth of the polarization ende-
rived by fitting the build up curves to an expression that $ake
into account the reduction of tAéC signal amplitude induced
by the readout pulsés. In the absence of MW irradiation the
same sequence was used to mealfi€dy (Tyc) by following

3 Experimental Results

A different behaviour of 1Ty and I/ T;c data was observed
by changing the cooling rate of PA and PA15 below 300 K.

) . o The cooling rate dependence ofTic and the cooling pro-
3 m m
the build up of the*C NMR signal to the thermal equilibriu cedures are described in detail in Appendix 6.1. All the re-

value after RF saturation. AlternatlngM,c_ was derived from__ laxation measurements presented in the following were per-
t_he decay of _the_steady state polarlz_anon to thermal él_qu'l' formed after flash freezing the samples in liquid helium. The
rium f’:\fter switching off the MW, again measured by using art dependence of /My and YTic, derived as explained in
low flip angle (about € sequence (Fig. 2). THEC NMR Section 2, are shown in Figs. 4, 5 and 6. The data in Fig.
signal decay was fit to the following expression 4 and 5, |,”neasured in PA, PA15’and uPA15 by keeping the
t tlog(cosa) samec_ for the two nuclei, evidence that bothi Ty 4(T) and
M) =M exp{— <E B f)] +Mo, (1) 1/T1c(T) roughly follow a similar power law- T2 (Table 1).

It is further remarked that in PA15 the prolongation of the fit
with M., the steady stat€’C magnetization under MW irradi-  curve of 1/ Tyc(T) down to 1.15 K (Fig. 5) closely approaches
ation,a the flip angle the repetition time (300 s - 800 s) and the value reported for an analogous sample in Ref.

Mo the 13C thermal equilibrium magnetization. The logarith-  In Fig. 6 the comparison between Ty(T) obtained in
mic term in Eq. 1 takes into account the artificial reductibn o uPA15 and uPA is depicted. One can observe that also in the
the NMR signal induced by the readout pulses. radical free uPA sample/T1(T) follows a~ T2 power law

The electron spin-lattice relaxation tinig; was derived in-  and, moreover, the comparison between the two samples en-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-14 |3



Physical Chemistry Chemical Physics Page 4 of 14

.| PA 10° ————————— ey
10" @ 1T,,346T B A
O 17,0877 ]
,/E//
. i
—_ 2_ - -~
> 10
Q
£
e -®
= 10°4 e E
— & 'HNMR 0.87 Tesla
4 O uPA
10 T T T =™ uPA15
1 2 3 4 5 3
10 ——
T(K) 1 2 3 4 5

T(K)

Fig. 4 Log-log plot of 1/T14(T) (squares) and/1c(T) (circles) in

PA below 4.2 K. The red lines are fits to the power i) = aT®, Fig. 6Log-log plot of 1/Ty4(T) measured in uPA15 (black

yieldinga=9.19+1.1-10 % andb = 2.164+0.11 for /Tic(T) and  squares) and in uPA (red squares) below 4.2 K. Both the bladk a

a=4.88+0.44-10"3 andb = 2.0840.07 for 1/T14(T). the red lines are fits to the power laiT) = aTP®. The black line is
the same data fit of T (T) in PA15 reported in Fig. 5, while the
red line has been obtained with the parameters
a=4.21+0.31-10"3 andb = 2.06+ 0.06.

10° . . . T
T-independent,c =~ 190 us andToy ~ 35 s in PA below
1074 o m 4.2 K. Also the width of the NMR line was constant over the
55 ] sameT range. Theé'H lines of both PA and PA15 were fit to
~102 =B ] a Gaussian with a nearly equal Full Width at Half Maximum
xR os ] (FWHM) of 30.0+ 0.4 kHz in PA and of 314+ 0.6 kHz in
'5.1 10 999 ] PA15 between 1.6 K and 4.2 K (Fig. 7). Different?C
i~ 9 E lines displayed a Voigtian lineshape with a FWHM 095
] 0.1 kHz in PA and of 614+ 0.1 kHz in PA15 (Fig. 7). The
1 B uPAIS 1T, 087T 5 additional 200 Hz broadening in PA15 could be due to the
® PAI5 1T ,346T 1 . . i
© Ardenkjaer-Larsen etal ] coupling with electrons, however it is also of the order & th
10° . . . . possible broadening due to the field inhomogeneity.
! 2 ™ ® ¢ ° Remarkably, also the electron spin-lattice relaxatiom rat
1/T1¢(T) measured after a flash freezing procedure (Fig. 8)
could be fit to a~ T2 power law (Table 1). It can be noticed
Fig. 5Log-log plot of 3/ Ti(T) (squares) in uPA15 and of that T1¢ increases progressively upon cooling until it reaches
1/T1c(T) in PA15 (circles) below 4.2 K. The red lines are fits to the 1.5 s around 1.6 K, a value close to the one reported in the
power lawy(T) = aT?, yieldinga = 1.45+0.46- 10~ and literature afl = 1.2 K14,
b= 2.32+0.3 for 1/Tic(T) anda=5.03+0.29-10 3 and Now the T dependence of the two characteristic DNP pa-

b= 2.0840.06 for 1/ T1(T). rametersTy andPye. for the PA15 sample is presented. As

shown in Fig. 9, ¥Tpo ~ 1/Tic~ 3+4-103 s 1 around
4.2 K and reduces significantly on cooling. Correspondingly
|ighten5 that the addition of 15 mM of OX063 radicals erIdS Tp0| reaches values around 1500 sTor 1.6 K, much shorter
only a minor enhancement of/Tiy(T) in the exploredT  thanTyc ~ 3000 s at the sanie. Moreover,Tyo values at the
range Tin(UPA15)TH(uPA) ~ 1.2+ 1.3). It is noticed that  |owestT of 1.6 K are close to the ones reported in the liter-
1/Tin(T) increases by a slightly lower amount of +15% in ature at B 1.2 K16, Also 1/Tyol follows a power lawaT®
the PA sample, in which also ##C nuclei are present. with b~ 1.7 (Table 1) in substantial agreement with litera-
For the spin-spin relaxation times, we estimated an almosture papers suggesting a proportionality betw&gi(T) and

4| Journal Name, 2010, [vol] 1-14 This journal is © The Royal Society of Chemistry [year]
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Fig. 7 A comparison between the NMR linesHf in PA and PA15
(Left) and of13C in PA and in PA15 (right) measured around 1.8 K.
The frequencies in kHz are reported as shifts from the speetrer
frequency of 37.02 MHz. In order to compare the different NMR
lines, all the plots have been centred around this sameerefer
frequency.

-1
1T, (s")

0.1

Fig. 8Log-log plot of 1/T1¢(T) in PA15 below 4.2 K. The black

Fig. 9 Log-log plot of 1/Tpe(T) in PAL5 below 4.2 K measured
after a slow cooling (white diamonds) and a fast coolingdbkland

@ PA15
3.46 Tesla

b=170+0.18

white diamonds) procedure. The dashed line is a fit acconditige
power lawy(T) = aTP, yieldinga = 3.02+0.27x 10~ and

up to 15.5 % at 1.6 K, with a linear trend at highthat turns
into a non linear bend at lower (for 1/T > 0.4 K71, i.e.

T < 25 K). These values 0Py, as well as the presence
of the bending, cannot be explained in the framework of the
traditional Borghini modéi®32 which predicts a polarization
of ~ 80% at lowT and an opposite curvature for the bending.
Finally it is noted that, unlike nuclear spin-lattice reddion
data, bothT,o andPy. do not depend on the cooling rate.

Table 1 Fit results of the NMR and DNP measurements according
to the lawy(T) = aTP in PA samples at 3.46 Tesla

lines is a fit to the power law(T) = aT®, yielding

a=0.2340.01-10"° andb = 2.17-+0.07.

T1e(T)?827and reporting a divergence dfc andTpol (Fig.11)
at very lowT 514.1518.26-31 Neyertheless, to our knowledge ypA
the mechanism responsible for this phenomenon has not begin 15

specifically addressed to date.

The values of the steady state polarizatfag for the PA15
sample, derived from the build up curves between 1.6 K angPa15
4.2 Kare reported in Fig. 10 as a function ¢gfTl Py. reaches

Sample Measurement af(s K™P) b

PA 1/Tic(T) 9.19+111x10°> 216+0.11

PA 1/Tan(T) 4.884+0.44x 10 2.08+0.07
1/Tan(T) 421+0.31x10% 2.06-+0.06
YTic(T) 1.45+0.46x 104 232403

uPA15  VTiy(T) 5.03+0.29x 1072 2.08+0.06

PALS  1/Ti(T) 0.23+0.01 21740.07
Y Tpol(T) 3.02+0.27x10* 1.70+0.18

already a sizeable value, around 3-4 %, at 4.2 K which raises

This journal is © The Royal Society of Chemistry [year]
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dipolar interactions take place between the carbé3g@land

20— —¥+———1———7 the methyl and hydroxyl protons. This coupling significgntl
18] ] overcomes the homonucle®C-13C one. In fact, as it is de-
6] A slow cooling ,L ] scribed in detail in Appendix 6.3, according to théTi ex-
] l T ] pression for homonuclear (Eq. 16) and heteronuclear (Eg. 17
147 ] interactions, the ratio
12 ‘ -
2107 A ] (T1)1y_13 Ve 2 <r6i>
o ] AL ] R e O 3(_> *I 104 (3)
] e ] (To)iac 13 W < 1 >
°] o ) fc
4 = .
5] G 1 wherey is the13C gyromagnetic ratio angy the 'H gyro-
i . magnetic ratio{1/rf.) indicates the average of the inverse
O sixth power of'H-13C distancesnc and(1/rg.) is the same
AT () quantity referred td*C-13C distancescc. This difference
is simply due to the fact that the average intermolectdar
is significantly larger than the intramoleculaic *. Addi-
Fig. 10P\e as a function off in PA15 measured after a slow tionally, in the case of AT, c a further mechanism, involving
cooling (white triangles) and a fast cooling (black and whit the fluctuations of the chemical shift tensor (CSA), showdd b
triangles) procedure. The error bars with caps have beanatsd considered and thus, neglecting the weak homonuclear inter
by the best fit of polarization builup curves, while the efvars actions, for PA one can write
without caps indicate the standard deviation for a serigsmgated 1 1 1
measurements. (Tc) " (ﬁ)lHJSC " (ﬁ)CSA’ @
4 Discussion where(1/T1)csa refers to the fluctuations of the CS tensor.
Accordingly, the'*C linewidth (5.9 kHz) cannot be explained
4.1 Nuclear spin-lattice relaxation in pyruvic acid by considering théH-**C dipolar coupling only. In this re-

spect Macholl et al® report a calculation of the 13C CS
First we shall start ConSidering the different contribngdo tensor parameters in PA, that retrieved the Sh|e|d|ng me
nuclear spin-lattice relaxation rate in PA. The main cdmiyi  Ag ~ 130 ppm and is thus responsible of a broadening at half
tion to 1/Tyy arises from the dipolatH-'H coupling while  height of the 113C line of Ad e = 4.8 kHz atH=3.35 T and
Only a minor Contribution{ 15%) due tOlH'13C interaction the Larmor frequencw — ytH On|y the remaining broad-
is present, as it is evidenced by comparin@ih in PA and  ening, at most 3.4 kHz, should thus be ascribedHe!3C
uPA samples. Thus in PA/T1 can be expressed as the sum couplings. This explains also wiH-13C yields a negligible

of independent terms contribution to the'H linewidth (less than 10 % of the total
1 1 1 width).
(_) = (_) 4 (_) , (2) Now it is interesting to compare the rafiec(T)/Tin(T) =~
TiH/ pa Ti/1p 1y T/ 1sc 1y 53 (Fig. 4) derived experimentally for the Larmor frequency

/2= (W /2m)H; equal toa: /21T = (Y /2m)H, = 37.02

where (1/T1)14_14 Ssums up the contributions from intra MHz (Hy — 0.87 Tesla ancHy — 3.46 Tesla), with the one

and mtermolec_ullar proton-proton dipolar mteractmnsd AN that can be estimated theoretically by considering thesdiff
(1/T1)13c_1y originates from carbon-proton intramolecular _— . : .
interactions. Accordinalv. in UPA the second term must beent contributions to the nuclear spin-lattice relaxati@ne

. I aingly, ; : can start calculating that ratio under the assumption trat t
omitted. Similarly, in PA the'H line broadening can be as- spectral densityl(w) is the same for all the relaxation con-
cribed mostly to'H-'H interactions. In fact, it is nearly 30 P

KHz in both PA and UPA, which demonstrates that the Iinetnbutlons and specializing their expression taking inte a

: . C count both the dipolar and CSA relaxation mechanisms (see
g‘?gfg 'Qggﬁ:rt?h;hf:;]z’imtfgsgﬁ:én 3;;%2;3;3#5 Eq.16 and 17 in Kppendix 6.3). Under that assumption E)ne
theTH-13C interaction. from the second moment of the protonfmds an extremely good agreement between the calculated

line one can definitely estimate a mean square amplitudeof tDThe shortestyc found in the COOH group is about 1.84in the most abun-

i i 2\ ~ —4 A . ) .
dipolar field probed by _pr0t0| LS <Ah ) ~7.6-10"" Tesla. dant pyruvic acid conformé? while the intermolecularcc should rather be
For 13C the relevant intra and intermolecular heteronuclearlioser to 5.5, equal to twice the Van Der Waals radius of the PA molecule.

6| JournalName, 2010, [vol]l1-14 This journal is © The Royal Society of Chemistry [year]
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Tic(T)/Tin(T) ~ 54 (see Appendix 6.3) and the experimen-that basically all the lattice modes are characterized by lo
tal value, which indicates that th¢'T; models in Eq. 2 fotH frequency fluctuations such thai 7. > 1. This observa-
and in Eq. 4 for*3C are likely correct. The fact that the same tion is also corroborated by the observation th¥ NMR
J(w) describes the relaxation mechanisms for the two nucleainewidth is T-independent in the explored T-range, intica
species in PA will be further discussed in the following Sub-ing that 2TAvt; > 1. In the presence of such slow dynam-
section. ics one can consider the slow motions limit of Eq.5, yield-
ing 1/T1(T) O (1/1(T)), where(1/1;) represents an average

4.2 The role of the glassy matrix in the relaxation rates correlation frequency of the fluctuations over the distitu

) (1/1¢(T)) in uPA con be estimated by specializing
(Ah)? in Eq. 8 to the case of /T driven by the dipolar in-
teraction with like spins (Eq 16), obtainiAg

The nature of the excitations leading to the spin-lattice re
laxation is now analyzed. The commdif dependence of
1/Tain(T), 1/Tic(T) and YT1(T) strikingly points to the
presence of a common source of relaxation. In particular, 1 _ Z(HO)zvﬁﬁzl(l +1) /1 2 (©)
while the nuclear spin-lattice relaxation is dominated g t Tiy WPA 5'4m W3 .,/ \1c/’
fluctuations of the dipolar interactions with the other nu-
clei and with the electrons in PA15 (discussed in SubsecY’
tion 4.3), the electron spin-lattice relaxation of the thid
radicals is rather induced by scattering with the vibraion
modes. Therefore, the lattice vibrations seem to be respo
sible both for spatial modulation of dipolar couplings at th
nuclear Larmor frequency and for the excitation of electron
spin transitions at the electron Larmor frequency. The e reported in Table 1. TheA = A/C anB By and con-
istence of a such a broad spectral density of lattice excnaf—'der'lrL?SMm;ﬁ:es\%(;lr?r;eek:w?;g\ 106 71813(;2:‘15 Esgrgf]‘fd
tions, even at liquid helium T, should not surprise, sind&lso

PA is an organic glasé?. Several physical properties of B ~ 2.06. The same procedure can be applied also to evaluate

13
glasses can be described by assuming a local lattice dynarfﬂll/TC )) from =C data in PA, by considering Eq. 4, and Eq.

ics, namely molecules or atoms can fluctuate among differ: 706%(1%18 in the slow motion regime (see also Appendix 6.3

ent configurations having very similar energy minima, sep-

/6
HH
wherel = 1/2 is the proton spinryy the inter-proton dis-

tance andwy /2= 37.02 MHz. Since the temperature de-

pendence of ATy is entirely contained in1/1.(T)), then

n<1/ =1/Ty(T)1/C = A xTBLx 1/C = ATB, where C

Is a factor including the temperature independent parasete

in Eq .6 andA; andB; are the fit parameters of/T; in uPA

arated by a barrieAE. Upon increasingl the correlation < 1 > 2 ( )2 754y2y2ﬁ2 <i> 1 <£>+
time of these fluctuations can be described by an activated la \ T, A ~15\477/) 225C ﬁc wé Te
1.(T) = T0exp(AE/T), with 1y the correlation time in the in- > 1
finite T limit. + —Ao? < >,
For each activation barrier,/T; can be simply described 15 Te -
resorting to a spectral density of the form ™
5 5 whereax /2= 37.02 MHz. Using the value ofAw? ) =
L _ MJ W) = vlanl) 2t (5)  2/15(uo/4m)?RYERPI (1 +1) (1/r8c) = 2325 (krad/92 ob-

T ( )_ 2.2
E 2 2 1+oree tained from the'3C linewidth analysis reported in literature,
where(AR? ) is the mean square amplitude of the random fluc-One findsA ~ 5.5 x 10* s 1K B andB ~ 2.16, a value very
tuating fields probed by the nuclei in the plane perpendicuclose to the one calculated for protons. Again, this resldts
lar to the magnetic field. By considering different types of confirm that the leading modulation source for all the intera
distribution functionsp(AE) for the energy barriers one typ- tions probed by nuclei, both dipolar and due to CSA, is the
ically finds a low-T power-law behaviour with/T; ~ T1+@  glassy dynamics of the PA matrix.
(0< a <1). A quadratic trend, as the one experimentally ob-
served here, is obtained f@p(AE) O AE. Notably, the same 4.3 Nuclear spin-lattice relaxation in the presence of rad-
result was derived also taking into account the thermally ac icals
tivated dynamics in asymmetric double wells charactegizin
the glasse¥3” and a recent implementation of the same ap-
proach could explain also the quadratidependence of ¢
observed at lowl in various amorphous materials, including
organic glasses.

It is remarked that the magnetic field dependence/did 1 1 1 1
at 4.2 K shows that ;¢ 0 1/w?, suggesting (see Eq.5) <ﬁ) PAls (ﬁ)lelH +(T_l)”CJH +(ﬁ)e' (8)

Upon doping PA with trityl radicals, the/T; analysis has to
be modified in order to include also a relaxation term due to
the coupling with the radical electron spins. Hence in PA15
Egs. 2 and 4 are modified as

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-14 |7
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where(1/T1)qg is the contribution due to the hyperfine cou-

1
+ (=),
)csa (Tlc)el

Jap—13c + ( )

pling between the nuclei and the radical electron spins. As

it is evident from Fig. 6, the most relevant contributions to
1/Tiy in PA15 is still due to the nucleus-nucleus dipolar in-
teraction. Doping yields only a slight increment of Ty
in PA15 with respect to PA, of the order of +2030%.

On the other hand, according to Table 1, one observes that

Tic(PA)/Tic(PAL5) ~ 1.6, meaning that the electron contri-
bution toTy¢ is about 2:- 3 times the one td14.

Within a simplified model one could start analyzing these

results by simply considering an electron contributiontte t
longitudinal relaxation of thé3C nuclei driven by the lattice

'Ti,,/ %

= 10°4 3
£ e as ]

S R
104 e 3
5] d 1/T1e & 1/—rpo\ © (1/T1C)el-
1 2 3 4 5

T(K)

dynamics only. As illustrated in Appendix 6.3, the average

ratio T1c(T)/Tin(T) ~ 28+ 3 in PA15 (Fig. 5) can be rea-
sonably explained within this framework. However, this sim
plified model suffers from several limitations being based o

Fig. 11 Comparison among thHE dependence of /1 (black dots),
1/Tyol (black and white diamonds) arid/T:c)e (black and white

certain approximations for the magnitude of the fluctuatingcircles) in PAL5 below 4.2 K. The solid line is the fit of Ty
fields and ofr. For example, it does not take into account theaccording to the power lay(T) = aT, yielding the parameters

effect of spin diffusion. On the other hand, as it will be simow
in Sect. 4.4(1/Tic)q can be quantitatively explained without

adjustable parameters in the framework of the TM approach.

Still, (1/Tin)g cannot be ascribed to TM, becaus$e nu-
clei are characterized byy larger than the electron spin
resonance (ESR) linewidth. Thus, in the caselldf nu-
clei, (1/Tin)g should be due exclusively to the modulation
of the electron dipolar field at the nucleus caused by th
glassy dynamics. Accordingly one can estiméatér:(T))
associated with ATy due to radicals, given byl/Tin)a =
(1/Tin)upa1s— (1/Tin)upa, by applying the same approach
adopted in the previous Subsection 4.2 and taking into atdcou

the appropriate magnitude of the hyperfine coupling. In par

ticular, in the slow motion regime one can weite

(). -2 = (g

- _) 1
TlH 4t (;JE' 6

Tc

=) (5) @

where S is the electron spiy the electron gyromagnetic ratio

andrgy the electron-proton distance. By assuming an average

hyperfine field of,/(AhZ,) = 8.2- 10~* Tesla at the'H site

reported in Tab. 1. The dashed line shows the function
(Ne/NN)1/T1e, while the dotted line gives
(Ne/NN)1/Tre1—Po(T)?).

andB ~ 2.16. Remarkably, thél/1:(T)) describing the fluc-
tuations leading to the relaxation terfh/Ti)g IS close to
the one describing the glassy dynamics probed1gyi)pa.

®Then one can conclude that in presence of radicalskhe

relaxation involves the modulation of the field generated by
the paramagnetic radicals, driven by the lattice glassydyn
ics. Relaxation processes fdr/ T11)g driven by electron spin
flips can be disregarded since they should be charactenzed b

a fluctuation frequency/flh e much smaller than the one of the
glassy dynamics.

4.4 The effect of Thermal Mixing in 13C spin-lattice re-
laxation and the electron spin-lattice relaxation

As it was pointed out in the previous paragraph f€ nu-
clei a different scenario must be considered. Singeis

T, very close to the one produced by the other nearby prosmaller than the ESR linewidth, tA8C and the electron dipo-

tons, one find$1/1c(T)) ~ ATB with A~ 2.3x 10°s 2.KB

T One can consider the hyperfine interaction between theqsaind the neigh-
bouring radical electron spins in a region comprised betvageinner sphere
having the radius of the radic&; = 5.8 A, and an outer sphere with radius
R, = (3-0.74/41)/3 = 26.9 A, corresponding to half of the average dis-
tance among the radicals in PA15. In this case, on neglettiegffect of
spin diffusion, (1/r§,) = 1/(RiR2)3, yields an estimate of the average hy-

perfine field of\/(Ahg,) = (Uo/4m)yeR [S(S+1) <1/rgH>}1/2 =82-10*
Tesla at thé'H site.

lar reservoirs are in TM. Within the TM process which gov-
erns!3C electron-nucleus relaxation one HASTic(T))g =
1/T1e(T)(Ne/Nn)[1 — Po(T)?]. The ratioNe/N, between the
radical and3C concentrations definitely sets the order of
magnitude of(1/T1c(T))g with respect to 1Ti¢(T) and en-
closes a precise physical meaning: the three body mechanism
originating TM, involving two electron spins and one nuclea
spin, can flip one of th&l, nuclear spins, as long as one of
the Ne electrons relaxes to thermal equilibrium. The elec-

8| Journal Name, 2010, [voll1-14
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tron contribution to-3C spin-lattice relaxatiofl/Tic(T))g = 4.5 Dynamical nuclear polarization
(1/Tlc(T))pAl5 — (l/Tlc(T))PA derived from the experimen-
tal data sets is shown in Fig. 11 (black and white cir-As shown in Fig. 9 a nearly quadraficdependence is found
cles). It is remarkable to notice that below 4(K/Tic(T))e  for **C 1/Tpai, the DNP build up rate. The most recent mod-
data quantitatively follow the trend of the dotted function els describing DNP through Tk#222have shown how the
1/T1e(T)(Ne/Nn)[1 — Po(T)?], derived from the fit function of nuclear polarization under MW irradiation can be deeply in-
the experimental AT;¢(T) data (Table 1), with no adjustable fluenced by several parameters suclTas Tiss, the contact
parameter. This is a clear evidence that indeed'#iespin  time between the nuclear Zeeman reservoir and the electron
ensemble and the electron dipolar reservoirs are stromgly ¢ dipolar reservoir, as well as by the dissipative spin diffins
pled in the TM, at least fof < 4 K. This important observa- among electrons and the degree of saturation by the MW. The
tion is further supported by tHe dependence of T, (T), as  behaviour ofTy depends on the ratiiss/Tee. In particular,
discussed in the following subsection. in presence of nuclear leakage, figs/Tie ~ 1 (poor con-
tact between electrons and nuclei), polarization levelshmu
lower andT,q values longer than those derived here are ex-

The functionalT dependence /e O T22 pas been as- pected._On the other hand, fdgs/Tie < 1, the polarization
cribed to scattering with the glassy modes, although a sizeshould Increase antho should shorten and depend 3.
able dependence of thg¢' T, magnitude ort is also expected Indeed in PALS 1Ty, has the sam&? dependence of e
from previous investigatio&16. Even if literature data on and its order of magnitude matches quantitatively the func-
1/Tie measured in different experimental setup and at dif-tional dependence @Ne/Ny)1/Tie below 4 K (dashed curve
ferent fields are partially contradictol§r1626:4142 poth the in Fig. 11). Thus, it is tempting to state that a very efficient
measurements at 1.2 K shownt$rand our measurements in contact is actually attained. Remarkably, below 4 K theorati
the 1.6-4.2 K range at higher (unpublished data), consis- Teol(T)/Tic(T)e behaves agl—Py(T)?]. This can happen

tently evidence a linear dependenc@ik [ ¢ for trityl radi- or}Iy if both polarization under MW irradiation afdc relax-
calsin PA. Thus, electron spin-lattice relaxation in fritgped ~ ation proceed through the same TM processes.
PA can be written as M1e(T) = (1/T1e)g(T) + Qc, where Both the polarization and the relaxation time of PA15 are

(1/T1e)g(T) is the term linked to the glassy dynamics @& consistent with the TM regime, whereas the experimeial
a phenomenological weakly-dependent parameter. Accord- (Fig. 10) is substantially smaller than the one predicted by
ing to'® (1/T1e) (pa1s)/(1/Tae)g ~ 2+ 3 for H = 3.35 Tesla, the traditional Borghini model and a mechanism of DNP-
indicating that forc = 15 mM the contribution due to dipole- dissipation should be identified. The dissipation insicerth-
dipole interactions among radicals significantly overcethe  clear reservoir via3C spin-lattice relaxation is expected to be
one originated by the scattering with the glassy modes atd thirrelevant because the cooling procedure affects the waflue
1/T1¢(T) should weakly depend on the cooling rate, at vari-Tic of PA, but notPy. and only weaklyTie, which mainly de-
ance with nuclear AT;. pends orc. Thus the dissipation mechanism does likely affect
directly the electron reservoir and can be induced eithex by
limited microwave powet**3 or by the presence of dissipa-

Overall, from the above considerations a clear scenaridive processes in the spectral diffusion as discussé&d iAt
emerges. In PA15 the/T;y processes showh dependence this stage we cannot exclude one of the two mechanisms, or a

which is uniquely determined by the properties of the g|ass}pombiqation of the. two. Our simulations of thfa rate equ_ation
matrix. On the other hand, the dominant relaxation mechamodel introduced i#*?223show that the bending behaviour

nism for13C rather involves the coupling of the nuclei to the observed in Fig. 10 is consistent with both mechanisms.

electron dipolar reservoir through TM. Notably, due to the Now, the quality of the electron-nucleus contact in PA
glassy dynamics which characterizes PA, the magnitudeof seemingly evolves on raisin§ up to 4 K. In fact, in Fig.
andTy and their T dependence can possibly vary among samt1 a deviation from the dotted and the dashed curves, trac-
ples containing the same radicals admixed to different miole ing the good contact trend, is noted aroufd~ 4 K for
ular substrates or among samples prepared, treated araticooll/T;c and 1/T,o. Both time constants become longer than ex-
with different methods, which yield to a different glassy-dy pected, which likely indicates a substantial degradatiche
namics at low T. The contribution of the glassy modes to theelectron-nucleus contact. We possibly ascribe the wonggeni
electron spin-lattice relaxation can also justify somealil- of the electron-nucleus contact on raisiigo the shortening

ity of Ty data measured by different groups in different condi-of Tye. Infact, forT ~ 4 K, Ty¢ is around 200 ms, a value close
tions!4-16.26.4142even if the dominant electron-electron dipo- to the effective spin diffusion tinfé (N, /Ne)Toc = 190 ms,

lar relaxation mechanism yields to @The(T) which scarcely  which in turn determines the effective order of magnitude of
depends on the cooling rate. Tiss between the electron dipolar reservoir and the whole nu-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-14 |9



Physical Chemistry Chemical Physics Page 10 of 14

clear spin ensemble. Then, as explained beforeT fer4d K helium fill; b) a flash freezing of the samples in liquid nitro-
the threshold of the bad contact regimg= Tiss is matched, gen, followed by immersion in liquid helium. Hereafter the
the polarization bottleneck becomggs andTic andTyo be-  first method will be indicated as slow cooling (sc), while the
come longer than expected in the good contact scenario. Osecond as fast cooling (fc). NucleafT, data showed a dif-
the other hand, it should be noted that in the expldrednge  ferent behaviour with respect to the adopted cooling meifod
any modulation of electron-nucleus coupling by the glagsy d both PA and in PA15 (Fig. 12). This variation is likely due to
namics looks definitely ineffective. Infact, since in PAt®t a change in the matrix dynamics properties for different-coo
modulation of the electron-nucleus distances occurs dwer t ing procedures, which is typically observed in glasses. The
frequency scales of the glassy dynamics, 40 (1/1c) < 10° comparison among/T1c(T) in PA and PA15, points out that
s, and considering that the magnitude of the dipolar cogplin upon performing a fast cooling/T1c(T) doubles in PA, while
of the electron spins with the nearby nucléi is such that it only increases by a ratio of 1.5 in PA15. The reason of this
yiscAh > (1/1¢), the TM mixing process is marginally af- difference is ascribed to the additional presence in PA1bef
fected by that dynamics, in agreement with the absence of amglaxation term(1/Tic)g due to the thermal mixing with the
effect of the cooling history on the DNP parameters. electrons, which is rather unsensitive to the cooling rate,
Definitely one can conclude that in PA15 for< 4 K TM 1/Too(T).
occurs in a good contact regime whergTdo O 1/T1e(T),
while for T > 4 K a bad contact regime is attained. The A I AR AR M
dependence dfy. can be explained as well resorting to TM
models combined with dissipative mechanisms located in the 10?4 5
electron spin system. ] el L

. . g
5 Conclusions

—
‘»
£

(&)

Through a series of nuclear spin-lattice relaxation measur
ments and DNP experiments, both in pure PA and in radical
doped PA, it was possible to evidence that several micrascop
parameters relevant for the understanding of the dynamical

= 10°4
~ ]

PA15

@& fast cooling (fc) 7

o slow cooling (sc)

nuclear polarization processes follow the same quadfatic oy

dependence. This trend is interpreted in terms of the glassy R
dynamics which characterize the PA at Idw Notably theT
dependence of the DNP build up time, of the electron contri-
bution to 1/ T;c and of the saturation polarization are found in
agreement with the TM regime with a very good thermal con-_ )
tact between the nuclear and the electron non-Zeeman resépd: 12L0g-log plot of 1/ Tyc(T) measured in PALS after a slow
voirs between 1.6 K and 4 K, whergTpo, O 1/T1e(T). Above cooling (white circles) and a fast cooling procedure (blaol white

- circles) below 4.2 K. Inset: Log-log plot of/T;c(T) measured in
4 K the TM occurs through a less efficient contact, prOl:)ablyPA after a slow cooling (white circles) and a fast coolinggadure

due to the shortening df;e which becomes of the order of (jack and white circles) below 4.2 K. The red lines are fittht
Tiss. Definitively, this information gives an interesting feed- power lawy(T) = aT®

back to the latest theoretical developments, pointing et t
relevance of the electron spin relaxation processes, bu¢ mo
specifically claiming a central role for the lattice exdibats in
determining the ultimate DNP performances.

6.2 Calculation of Ty from low flip angle acquisitions

As explained, it is possible to quantifite by following the
time variation ofAay. In PA15 the shift can be described by
the sumAwy = AM;s + AMy;, whereAM;s [0 P is generated

by the hyperfine coupling between the nuclei and the elec-
trons andAM,; O Ry by the dipolar nucleus-nucleus interac-
The dependence of the experimental results on the coolintions!®. Indeed, since for love Ay is small (300 Hz at 1.2
method was verified by using two different procedurasa K in PA15'419 jts estimate from standard NMR line fits is
slow pre-cooling inside a bath cryostat from rodnto 150 K critical. Conversely, it is rather advantageous to morittior-

at -0.5 K/min, followed by a rapid cooling caused by the lgjui directly by analyzing the oscillations it induces in the NMR

6 Appendix

6.1 Dependence of the pyruvic acid dynamics on the cool-
ing rate

10| Journal Name, 2010, [voll, 1-14 This journal is © The Royal Society of Chemistry [year]
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signal in the time domain.

When a line shiftAay from the reference frequency of the
NMR spectrometety is present, having moreover the NMR
signal envelopea(t) and an arbitrary phasg, in the domain
of time (t) the imaginary component of the NMR sigmha(t)
has the form

Im(t) = x(t) sin[(Aapt) + @] (12)

In particular, in the experiment performed to meashig
alsoAwy varies with time, but on the time scale of the whole
NMR acquisition. The second time varialbletriggered to the
start of the experiment and with maximum vaNér + TD),
where TD is the time domain of the single acquisition and
the time delay between acquisitions, describes time eenlut
Awp(t’). Then Eg. 11 more properly rules as:

Im(t,t") = x(t) sin[(Awp (t")t) + @),

and its integral as
12
I(t') /
11

in which the bounds1 and12 should be fixed in the interval
in which [s(t)|> # 0.

(12)

Im(t,t")dt, (13)

T T T T T T T T T T T
O uncorrected integral
@ corrected integral
decay induced by pulses

Integral of signal amplitude (a.u.)

Fig. 13 Simulation of the time dependence of the integral of the
imaginary signal (t') in the sequence used for tiig, measurement
at 4.2 K. The red dotted line shows the artificial decay indumye
the read-pulses, the white circles show the uncorredtédas
obtained by the simulation, the red circles corresporidttp
divided by the values of the red dotted line. The curves were
simulated by settindM,s = 1 kHz andAM,s/AM;; = 10.

In this work the behaviour df(t’) in Eq.12 was verified by

modelled to a Gaussian decay, with= 105 us and an ini-
tial signal to noise ratio equal to 500. The simulation took
into account also the reduction of the signal amplitude -oper
ated by the readout pulses (Fig.13). At titiewhen MW
are switched off, for each Py (t) /Ps(t’) was set to the maxi-
mum valuePy.(T) /0.5, calculated by taking into account that
PN(T)(t) < Pueo(T) andPs(t’) > 0.5, the value of the resid-
ual electronic polarizatioR.*® expected for saturation at the
frequency optimal for DNFP. Fort’ >t/ considering both
T1e andTyy spin-lattice relaxation processes and thats re-
duced on increasing by the application of the read out pulses
(see Eq. 1), the following laws were assumed to describe nu-
clear and electronic polarization

Po(t’) = (PL® — Po) exp(—t’/Tae) 4 Pro (14)

1 log(cosa)
Tin T

A(t) = (Pu(E) — Fho) exp[—t’ <

ﬂ +Po,

(15)
whereRyo andPgg are the thermal equilibrium values for nu-
clear and electronic polarization respectively. In Eq.Ti%
assumed the experimental values in Figr5; 3° andt ranged
from 15 ms at 4.2 K to 100 ms at 1.8 K. Remarkalfly(t’)
has an effective relaxation rate which is driven mainly by
the term exft’log(cosa) /1)), since ¥ Tin << log(cosa) /T,
and is increased sensibly by fast repetition (12 stfer 19
ms). Eg. 14 and 15 were used to calculate(t’) and then
I(t"). As expected, in spite of an increaseRyf(t’)/Pa(t’) ~
0.26 at 1.8 K, the simulation showed that imposihg~ 1 s,
Tin 2~ 1800 s and = 100 ms| (t') is perfectly fit to a simple
exponential decay until 60 s aftéwith a decay constant of 1
S. At T=4.2 KforTie~ 0.2 s, TNy >~ 400 s,7 = 19 ms, until
12 s aftert’ the simple exponential fit df(t’) led to a decay
constant of 0.22 s, +11 % with respect to the initial simolati
parameter, only when increasifg(t’) /Ps(t’) to 0.5, equal to
5 times the maximum reachable value at this T. Finally, the
results didn’t depend on the integration interval chosezate
culatel (t).

[(t') obtained by the experiment was divided by the expres-
sion in Eq 1, yielding a curve properly detrended by the arti-
ficial decay induced by pulses (Fig.3). Eq. 1 was considered
valid also fort’ < t’ since fort < Tpol the build up, occurring
on times of the order 0f,q ~ 400 s-1200 s is overwhelmed
by the fast repetition of the read out pulses. Accordingly fo
all Ts andt’ > t/, experimental data dft’) were suitably fit to
a single exponential decay, after performing a smoothiog pr

means of a Python script on considering the complete shift dycedure consisting in the unweighted averaging of 3 adjacent

namicsAap(t’) = AM;; (') + AMs(t'). The NMR signal was

data points.

This journal is © The Royal Society of Chemistry [year]
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6.3 Calculation of theTyc(T)/Tin(T) ratio starting from 2. J(w) is approximated to the slow motion regime form
model nuclear interactions considering an average correlation frequency, yielding
~ 1201
In the following we are going to consider the contributions t Jaw) =~ w <Tc>

spin-lattice relaxation of £23C andH deriving from nuclear
dipole-dipole interactions, CSA and hyperfine dipolariate

tions. 3. The amplitude of the local fluctuating fields probed by
The spin-lattice relaxation in case of homonuclear dipolar  the nucleiis the one estimated from the linewidth analysis
interactions between spins | will be describedby of 1-13C and!H.
1 1
=)= Re1(1 < > J(w) +4(2w))],
(Tl)l ' ( ) 4 ro (@) (20)] From the literature dat& it is possible to extradiAwi.) =

. o _ (18 (Aw?) — (Aw@g,) = 465 (krad/s?, considering the total car-
wherey is gyromagnetic ratio of spins {1/rf} ) indicates the  pon Full Width at Half Maximum (FWHM) 0f(5.9)2 472
average of the inverse sixth power of I-I distances afw ) (krad/$2, the broadening due to CS@.8)2 x 472 (krad/92
the spectral density at the Larmor frequengy= yiH of spins  and neglecting carbon-carbon interactions. Thee?,,.) =
. The spin-lattice relaxation of spins | in case of intef@ts 2325 (krad/g2. From the proton line one obtaifAw?,,) =

between spins | and S will be described by (Aw?) — (D) = 35066 (krad/g? and thus(Aw?,,,) =
1 1 23377(krad/g?.
(T )51 = 15( ) WYaR*S(S+1) < > (17) The average hyperfine field probed by the nuclei can be
calculated inside a sphere centred on the radical (see Sub-
X [J( — ws) +3I(@) 4+ 6J(w + ws)], section 4.3). The calculation yields the result of -8®*

Tesla for both nuclei assuming the same electron-nucless di

tance, thus for proton@a? .,,) = 2/5(1o/41)%3 V2h2S(S+
1)(1/rS) = 19172 (krad/92 and for carbons/Aw? o) =

whereys is gyromagnetic ratio of spins $1/rg> is the aver-
age of the inverse sixth power of S-1 distances ard= ysH
the Larmor frequency of spins S. Finally spin-lattice relax

2 2 6\ _ 2
ation due to CSA at the 13C site will be expressed 43 2/5(ko/4m)*€ BN S(S+1) (1/rec) = 1198 (krad/s*
For the calculation of ATiy at 0.87 Teslawy /2rm= 37.02
(i)CSA: EaéAazJ(at), (18) MHz and ax ~ 1/4awy. For the calculation of ATic at
T 5 3.46 Teslawx/2m = 37.02 MHz andwy ~ 4ax. The ratio

whereAa is the CSA tensor anisotropy. Tlc(T)/TlH(T) is 'Fhen estimated taking into account the ex-
perimental conditiory. = wy = ac. For PA, startmg form

In the following all the quantities referring to genericispi
I ans S will be specialized to the case of protons (using subthe model of Eq. 2 and 4 and conadenizig.t AwHC>
in the slow motion regime the ratio reduces to

script H), carbons (subscript C) and electrons (subsciipt e
For homonuclear interactions among protons the mean square
amplitude of the fluctuation frequencies of the dipolar field
(Aw? ) inducing the spin lattice relaxation is related to the

powder line second mome(ﬂswﬁH> to the relation YT _ . = <Aw§HH> st
1/Tic  (5+3+ 25)<AwLHC> ZwPho

1 2 1 2

" (19) (g+3+ 25)<AwJ_HC> TsWAo?
with spin | of protons equal to /2, while for heteronuclear =54
interactions the formula becomes

1 1 ; ;
(D6 ) = VP VBR?S(S+1) < > = Z (D), The calculation retrieves a value very close to the average
e 15 (4") réc 2 ¢ Tic(T)/Tin(T) ~ 53 estimated from the experimental data for

_ _ (20) T <42 K, confirming that ¥T; models in Eq. 2 fotH and
with spin S of carbons equal tg'2. in Eq. 4 for!3C are correct.

The important assumptions we make are: o )
In the doped sample PA15 it is necessary to introduce also

1. J(w) is the same for all the relaxation contributions the hyperfine contribution to both**C and*H relaxation. On
and is the one related to the lattice dynamics. taking into account the hyperfine dipolar interactions oag h

12| Journal Name, 2010, [voll, 1-14 This journal is © The Royal Society of Chemistry [year]
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