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Abstract

We analyze the application of the spin locking method to study the spin dynamics and spin-lattice
relaxation of nuclear spins-1/2 in liquids or gases enclosed in a nano-cavity. Two cases are
considered: when the amplitude of the radio-frequency field is much greater than the local field
acting the nucleus and when the amplitude of the radio-frequency field is comparable or even less
than the local field. In these cases, temperatures of two spin reservoirs, the Zeeman and dipole
ones, change in different ways: in the first case, temperatures of the Zeeman and dipolar reservoirs
reach the common value relatively quickly, and then turn to the lattice temperature; in the second
case, at the beginning of the process, these temperatures are equal, and then turn to the lattice
temperature with different relaxation times. Good agreement between the obtained theoretical
results and the experimental data is achieved by fitting the parameters of the distribution of the
orientation of nano-cavities. The parameters of this distribution can be used to characterize the
fine structure of biological samples, potentially enabling the detection of degradative changes in
connective tissues.

Graphical Abstract

The spin locking method is applied to study the spin dynamics and spin-lattice relaxation of
nuclear spins-1/2 in liquids or gases enclosed in a nano-cavity containing water molecules. Here
@ is the angel between the main axis Z of the cavity and external magnetic field H, &is the
angle between the 2, -axis given by an averaged orientation of the nano-cavity main axes and the
magnetic field, ¢ and ¢ are the polar and azimuthal angles characterizing the deviation of the main
axis Z, of a cavity from the 2 -axis.

We show that measurements of the relaxation parameters and spin temperatures of the Zeeman
and dipolar thermodynamic reservoirs provide important information on the size of the cavity,
its shape and orientation relative to the magnetic field, and the number of spins in the cavity.
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Good agreement between the obtained theoretical results and the experimental data is achieved
by fitting the parameters of the distribution of the orientation of nano-cavities. The parameters of
this distribution can be used to characterize the fine structure of biological samples, potentially
enabling the detection of degradative changes in connective tissues.

polar and azimuthal angles characterizing the deviation of the main axis Z, of a cavity from the 2
-axis.
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Introduction

Nuclear magnetic resonance (NMR) is widely used to study of structure and dynamic
properties of (both organic and inorganic) molecules in solutions, liquid crystals and solids
[1, 2]. The study of the dynamics of water molecules inside biological objects by NMR
provides important information about the microscopic structure of biological objects. [3-5].
To get the information on the peculiarities of molecular dynamics, the proper choice of
specific NMR method is important [1]. This choice depends on the sample structure and on
the internal molecular dynamics in tested samples and is determined by NMR response of

the nuclear system to the action of an external magnetic field I?(t) = 170 + ffl(z) which is
the superposition of the external constant magnetic field EO and the radio frequency (RF)
field ﬁl(t), |170| > > ‘E](t)|. For example, investigation of the spin-lattice relaxation in the

laboratory frame by measuring so-called a longitudinal relaxation time 77 in a large external
magnetic field provides information on very fast molecular motion which is characterized by

correlation functions with the correlation time 7. ~ 1012 s of the local field.

The fluctuations of the local fields H!°“(r) acting on the £th nuclear spin are characterized

by the correlation functions G; (z) = <H{"c(t)H§-"c(t + r)> in the conventional theory of NMR

relaxation [1]. In many cases including rotational and translational diffusion, the correlation
T

functions can be presented as an exponential function, G; ;(z) = 5,-jﬁlzoce'?c, with a single

correlation time ... That leads to the spin-lattice relaxation rates, Tfl in the laboratory frame

[6]:

_ 2 =2 Tc
T7' = rHpe—5. 1
3 1+ w(z)rcz @
where g = y|ffo‘ is the Larmour frequency of the nuclei, y is the gyromagnetic ratio of

the nuclei, E,zoc is the averaged square of the local magnetic field. For wyr. < 1, Tl_l is

independent of ay, which is realized e.g. in bulk water with z, ~ 10~'% s. In the opposite
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case, wgr,. > 1, the dependence of the relaxation time on the external field is observed and

'~ wp? eg. inice [7].

Ty
Investigation of the spin-lattice relaxation of water in biological tissue has been especially
problematic [8]. The study of relaxation time 7; of water in different tissues is important not
only for understanding of the fundamental biophysical chemistry problems but also for many
practical problems such as the application technique of NMR imaging to living systems

[8, 9]. It was shown in lots of biological tissues there are additional mechanisms of the
spin-lattice relaxation with correlation times much longer than 10712 [10]. To explain the
long correlation times in biological samples several models considering various mechanisms
of spin-lattice relaxation were proposed [11-14]. These mechanisms are associated with
relaxation of the solid-like proton in protein, the anisotropic rotation of adsorbed molecules,
and the slow translational diffusion in the hydration layer. Recently, the model based on
averaging the Brownian motion of water molecules inside nano-cavities and fluctuations

of the cavity walls was developed to explain a long correlation time [15]. Biological

tissues such as tendon, articular cartilage, nasal cartilage, cornea and sclera of the eye [8]

can be considered as consisting of a set of nano-cavities containing water. It was shown
experimentally and theoretically that the relaxation times in nano-cavities significantly differ
from these times for bulk water and they depend on the sample orientation relative to the

external magnetic field 170 [8, 15-21].

Study of the spin-lattice relaxation in the rotating frame, in so-called spin-locking state,
gives important information about slow motion of atoms and molecules, which cannot be

obtained from measurement of relaxation in strong external fields H .

In the rotating frame the relaxation time 73, is more sensitive to slow fluctuations which are
characterized by typical correlation times from a few 10™s to 10™3s [6]. The spin-locking
scheme of an excitation is usually implemented by applying the phase shifted two-pulse
sequence [22]. This method consists in bringing the magnetization to be parallel to an
effective field in the rotating frame by applying a 90° short pulse followed by a 90° phase
shift long RF pulse [22]. Application the spin locking method for study of the spin-lattice
relaxation in water confined in nano-objects such as nano-pores and nano-cavities promises
great advantages and provides information on motion-restricted environment for water
molecules [8, 20].

Furthermore, nano-objects possesses unique physical and chemical properties that differ
from properties of bulk materials of the same chemical content and structure [23]. One

of these unique phenomena is manifested by the fact that intermolecular dipole-dipole
interactions (DDI) between nuclear spins in gases or liquids entrapped in nano-cavities

are not averaged to zero [24], as usually happens for bulk magnetically isotropic gases or
liquids [25]. The averaged dipolar coupling constant depends on the volume and shape of
the nano-cavity and its orientation relatively to the external magnetic field [24, 26-28]. As a
result, this effect may be used to obtain from the NMR experiment results useful information
on the structure of samples containing nanosized objects [15-21, 29]
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In this paper we analyze application of the spin-locking technique to the investigation

of the spin dynamics and spin-lattice relaxation for the spins-1/2 nuclei in a liquid
entrapped in nano-cavities. We show that measurements of the relaxation parameters and
spin temperatures of the Zeeman and dipolar thermodynamic reservoirs provide important
information on the size of the cavity, its shape and orientation relative to the magnetic field,
and the number of spins in the cavity.

Spin locking state in a liquid in nano-cavities

Let us consider a water containing AV spins-1/2 nuclei, confined in an elongated nano-cavity
in the strong external magnetic field 170 (Fig. 1). Molecular mation results in an averaged

spin-spin interaction which can be evaluated from the average over orientation and position
for many spins. Therefore, the spin dynamics is described by the averaged spin Hamiltonian
[15-21]

H=H+ Hg+ Hgp(), @)
where Hzis the Zeeman Hamiltonian
H, = wyl,, 3)

H  is the averaged DDI Hamiltonian [26, 27]
— —_ —
H/=G Z‘(yz,-lzj -1 j) @

where H g () is the Hamiltonian of the interaction of nuclear spins with RF field, /;is

the projections of the spin operator TJ- onto the z- axis of the s -th nuclear spin, G is the

space-independent pair-averaged coupling constant which is the same for any pair of spins 7
and f[26, 27] and for a single axisymmetric cavity is

2
G=— y—Vhpz(COS(p)F, ()

Vis the cavity volume and Fis the form-factor characterizing the nano-cavity form and
varies from —4 5/ 3 to 25/ 3 for ellipsoidal cavities, and F = 2z/y/1 + (2d/l)2 for cylindrical
ones, dand /are the diameter and length of the cavity, respectively, ¢ denotes the angle
between main axis of the cavity and the external magnetic field ﬁo and determined by the

angles &,¢, and @in Fig. 1; where @ denotes the angle between the averaged axis of the
main cavity axes and the external magnetic field. Expressions (4) and (5) are valid if the
characteristic cavity size is less 700 nm [18,19,20]. The averaged DDI Hamiltonian (4) can
be rewritten in the following form [27]

— 2
H,= §(3I§ -7 ) (®)
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2 . . .
where 7~ = 2+ If + IZ is the square of the total nuclear spin operator and I,= X1, isthe
/operator of the projection of the total spin operator onto the p-axis (4= x, y, 2).

The Hamiltonian H g p(¢) describes the action of RF field on the spin system after the first
(3), - pulse along the y -axis [22]

HRF(1) = 201 1,cOSWRFI, ™

where o) = ,wrF IS the frequency of the RF field. Application of a 90° phase shift

long RF pulse along the x- axis makes the magnetization locked parallel to this direction in
the rotating frame. At the exact resonance frequency of the spins, wg g = wy, the effective

Hamiltonian in the rotating frame is

Horr=wl + Hy. ®)

The averaged DDI Hamiltonian H, (6) can be divided into a secular part with respect to /,
—2
Hy= — %(31,% -y ) ©)

and a non-secular part

— 3G 2
H,,=H;—H s=_? Z (10)

where T ,, = ¥ + ,T2 ., are the second rank tensor operators [30, 31].

The spin system can be characterized by the two integrals of motion «; 1, and Hy. The
considered system should reach a quasi-equilibrium state in a spin-spin relaxation time
Ty ~ % where @y, is the local dipolar field [32]

oc

Tr( H
Tri?

Wjpc =

‘G«BN‘ = y2h|P2(cose)|F,/ C (11)

where (] is a concentration of the nuclear spins. The quasi-equilibrium state is characterized
by two different inverse temperatures, and the density matrix of the spin system is:

eg =1 —awily — ﬂﬁs, 12)

where a and Bare the inverse temperatures of the Zeeman and dipolar thermodynamics
reservoirs, respectively.
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Evolution of spin system in spin locking state

After the establishment of a quasi-equilibrium state, two processes take place in the further
evolution of the spin system. The first process is the energy exchange between the Zeeman
and the dipolar reservoirs with the mixing rate W. This process is under the effect of the
perturbation given by Eg. (10). The operator of the Hamiltonian H,,; does not commute
either with w1, or with H,. The second process is the spin-lattice relaxation of the Zeeman

and dipolar energies with the relaxation times 7;,and 7, The equations describing the
time evolution of the inverse temperatures a and S can be derived using a well-known
procedure [22, 33] and it is entirely analogous to the derivation of the Provotorov equations
[34]. To include the effect of environment fluctuations, the spin-Ilattice relaxation, spin-
lattice relaxation terms should be added, as it was done earlier [22, 35]. The evolution
equations take the following form [36]

% = —W(a—p -Ti(a—ap),

5 (13)
d [6)] —
d_/j - ngc(a ~ B~ T (B - Br).

where g; = k;

—_— a)o 1 1 1
ST L= w—lﬂL, T, is the lattice temperature and kg is the Boltzmann

constant.

The first terms of the right-hand side equations (13) describe the evolution of the inverse
temperatures a and g towards to their common value with the mixing rate [36]

2
’37[ 2( @1

and the second terms - achieving equilibrium state of the spin system and the lattice due to
the spin-lattice relaxation process [36—38]. The rate Tl‘pl of the Zeeman energy due to the

(14)

spin-lattice relaxation is [36]

T =2—2%¢¢ (15)

and the rate Tl‘dl of the dipolar energy due to this relaxation is

2
WjocTe

1_8_ ®hocte
51+ Qi)

T1q (16)

At w7z, < <1 both the relaxation times, Ty, and T4, are independent of the RF field

strength, while at w7, > 1T, and T4 are proportional to a)%
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The initial conditions can be determined analyzing energy exchange between the Zeeman
and dipole reservoirs during the time 7, after the first short (%)y RF pulse. During the time

75 the spin systems in both reservoirs are in non-equilibrium states and the energy exchange
between them is not described by Eqgs. (13). At the RF field strength »; much greater than

the local dipolar field wj,(w > wj,c), the exchange process can be neglected during the time
7T, and the initial conditions take the following form

a(0) = Z—?ﬂL,

pQO) = Pr.-

(an

In another case, when two quantities »; and oy, are comparable, a fast exchange occurs

between the Zeeman and dipole reservoirs, this leads to equalization of the inverse
temperatures a and g during the time of order of 7,. In this case, the initial conditions
take the following form

a(0) = f(0) = wﬂiﬂL. 18)

Introducing the following dimensionless variables

i) = G2~ 140 = B2 - 1=,

w7 1 19)
@ = wT,q = (WTlp)_ = (WT]d)_l

loc

the evolution equations Eqgs. (13) and the initial conditions (17) and (18) can be rewritten in
the following forms

%= —@-p-a
_ (20)
D~ @~ p)-rh.
a(0) = % A(0) =0, 21
_ - @y
&0 = f0) = 2. 22)

respectively.

Egs. (20) have an analytical solution
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1
a(0)e 279

a(t) = P

[Pcosh(%rP) - Ssinh(%rP)], (239)

_ —2- 1
p(r) = m—}'f(me—fosinh(%rP), (23b)

with initial conditions (21) and

i 1
a(r) = @e—f@[(s - 2)cosh(lfp) - Psinh(lfp)], (24a)
P 2 2
- @ 1
p(r) = %P)e_ifg[Pcosh(%rP) +(S+ 20_))sinh(%TP) , (24b)
with initial conditions (22), respectively.
In Egs. (23) and (24) we use the notation
P=\/(1+q+r+5)2—4(q+qr+ra_));Q=1+q+r+5; 25)

S=1-g+r-o.

We note that coefficients of Egs. (13) depend on the angle between the cavity’s main axis
and the external field 7 o direction and hence both inverse temperatures, of the Zeeman,

a(z, 0) and dipole g(z, 6) reservoirs, also depend on the angle. The solutions for the case of

] > wj,e are presented in Fig. 2. At the magic angle, 8= 54.736°, in the frame of the
considered model the energy exchanges between the spin system and the lattice and between
the Zeeman and dipole reservoirs are absent and the reservoirs’ temperatures are constants.
One can see from solutions (24a) and (24b) that inverse temperatures of both the Zeeman
a(z, ) and the dipole j(z, 9) reservoirs are described by two-time exponential dependence
with characteristic times 2/(Q + P) and 2/(Q — P).

One can see from Figs. 2a and 3 that the inverse Zeeman spin temperature a(r, ) decreases
monotonically for all orientations of the cavities relative to the magnetic field, with the
exception of the orientation angles close to the magic angle, 6 = 54.736°. The inverse
dipolar spin temperature g(z, 9) first increases from zero, reaches its maximum value, and
then monotonically decreases (Figs. 2b and 3). It should be noted that the maximum of
B(z, ) depends on the orientation of the cavity relative to the magnetic field.

Fig. 3 illustrates reaching to the common temperature of the Zeeman and dipolar reservoirs
at w; > oy, 1.6. @ > 1, # = 0.8 and 9 = 0.82. The time of establishing the common
temperature and relaxation time required to achieve equilibrium of the spin system with
the lattice are strongly dependent on the orientation of the cavity relative to the magnetic
field (Fig. 3). In particular, at angle 6= 0.8 the common temperature is reached with the
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relaxation time 7., * 9 ms, while at small change of this angle, at &= 0.82 this time

is about 700 ms. The spin-lattice relaxation times 73, also differ significantly for these
angles: 170 ms and 1050 ms, respectively. The latter relaxation times are determined after
establishment of the common temperature of the Zeeman and dipole reservoirs.

At v < e 1.6. @ < 1, & fast exchange occurs between the Zeeman and dipole reservoirs,

this leads to equalization of the inverse temperatures a and g during the time 7,. After
establishing the quasi-equilibrium (12), the both, inverse Zeeman a and dipolar S spin
temperatures are described by the solutions (24) with the characteristic times much larger
than 75.

Fig. 4a presents the inverse Zeeman spin temperature a(z, 8) as functions of the time and
angle which are given by the solutions (24a) with the initial conditions (22). Note that in this
case, the inverse spin temperature of the dipole reservoir is some different from that of the
Zeeman reservoir (Fig. 4b).

We obtain that variations of the temperatures are different for w; > w;j,. and w; < . : in the
first case the common temperature establishes relatively fast and then it slowly approaching
the lattice temperature. In the second case the reservoirs’ temperatures are approaching
separately to the lattice temperature.

Spin-lattice relaxation of the Zeeman and dipolar inverse temperatures under spin locking in
tendon.

The theoretical approach developed above can be used for description of the experimental
data obtained for a set of perfectly ordered nano-cavities, when all nano-cavities are oriented
in the same direction relative to the external magnetic field.

In real samples a deviation from the perfectly-ordered nano-cavities is usually observed.
To compare with experimental data, let us consider a system of nanocavities with the
orientations distributed over angles ¢ and ¢ (Fig. 1). We assume that an averaged direction
of the Z,, - axes of the nano-cavities is along the Z; -axis which creates the angle &with
the external magnetic field. For each nano-cavity the time dependences of temperatures are
determined by the cavity orientation relative to the magnetic field. In the NMR experiment
the measured value is an angleaveraged one. Here we assume that the distributions over the
polar ¢ and azimuthal £ angles are given by the Gaussian ones. The Gaussian distribution
functions well simulate the cavity orientations in biological samples [39]. The averaged
inverse temperatures can be determined as:

(M0, D)) e 1
(M(0,0))¢, e (m(6,0))¢, ¢

2 V3
A dﬁfo dgsin(Q)W(E, Hni(0,8, &, 1), k=1,2 (26)
where 51(0,¢, &, 1) = (0, ¢, E, 1), 1(0, ¢, E, 1) = B0, ¢, E, 7) and W(E, &) is the distribution function

(6=%) (6-&)
20’(; 20’5

W(. ) =exp @)
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Comparing the experimental and theoretical results, we determine the fitting parameters
o¢. 0 Co, and &. These parameters can be used to characterize the sample structure [17-21].

Substituting expressions (23) or (24) into (26) and integrating we obtain the normalized
averaged inverse Zeeman temperature which is proportional to the NMR signal and to
the normalized averaged inverse dipolar temperature corresponding to the dipolar signal
measuring in phase with the RF field.

We compare our theoretical results with the experimental data for the NMR signal presented
in literature [40]. The NMR signal is calculated using Eq. (26) at 8= 55° and taking the

spin

7 the cavity volume V=2000 nm, the form-
nm

concentration of the nuclear spins of C = 66

factor for a long cylindrical cavity F = 2z, and the correlation time z, =3 - 10%s. The NMR

signal is proportional the inverse Zeeman temperature and is described by two-exponential
temporal function.

The best matching of the calculation results for all four data sets (w; = 500Hz, 1000Hz,
3000Hz, 5000Hz) is achieved at the standard deviations of oy = 6z = 0.1 and {p =2, & =0

(Fig. 5). One can see a more slowly decay of the signal with an increase in the spin-locking
field, o;.

The polar ¢, and azimuthal &, angles describe the average deviation of the main axes of
the nano-cavities from the sample axis. While the standard deviations o and o describe

the spread of the main axes of the nano-cavities from the average direction. The standard
deviations o¢ and o can be used as criterions of the normal anatomical structure and

variation of the parameters can indicate a disease or pathological process.

Note, that the local dipolar field depends on the size and shape of the nano-cavities and any
variation of the nano-cavity characteristics causes changes in the MRI signal.

Fig. 6 illustrates the time dependence of the inverse Zeeman and dipolar temperatures that
are averaged using (26) in the case of high strength field of spin-locking (w; > wj,.) at 6=

55° and @; = 3000 Hz. The averaged inverse dipolar temperature first increases very sharply

and equalizes with the inverse Zeeman temperature, and then both temperatures are achieved
the inverse lattice temperature, gy

Conclusion

This paper show that it is possible to extract important information about the nano-

cavity sample structure as well as about nano-cavities, such as their volume, shape and
concentration of nuclear spins, from NMR and high-resolution MRI experiments measuring
relaxation times under spin locking conditions. Using the obtained exact solutions of the
equations describing the spin dynamics in a liquid enclosed in a nano-cavity, we show

that the dipolar interactions play an essential role in the evaluation of the spin systems.
Consideration of the dipolar interactions allows us to explain the two-time exponential
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dependence of NMR signal, dependences on a sample orientation relative to the external
magnetic field, on the nano-cavity orientation distribution as well as on the strength of
the spin-locking field. In particular, the initial conditions for equations describing the
temperatures’ evolutions are determined by the relationship between the spinlocking field
strength w; and the local dipolar field w;,,.

When o; > oy, the initial conditions are given by (17): the initial inverse temperature of the

Zeeman reservoir is a(0) = wﬂiﬂb and the dipolar one is p(0) = pr. When w; < wy,,, the initial

conditions are a(0) = p(0) = wﬂiﬁb In these two cases the temperatures vary differently: in the

first case temperatures of the Zeeman and dipolar reservoirs relatively fast reach a common
one and then approaching the lattice temperature; in the second case the temperatures
initially are equal and then are separately approached the lattice one.

We have obtained good agreement between the theoretical results and the experimental data
by using the nano-cavity orientation distribution as the adjustment parameter. The fitting
parameters of this distribution can be used to characterize the fine structures of fiber-like
biological samples. Good agreement between the theoretical and experimental results was
achieved at the standard deviation, o; = ¢ = 0.1, which allows one to suggest that the

tendon mainly composed of collagen and water molecules is a highly ordered structure.
The developed approach in our model opens a sensitive and non-invasive way to determine
local changes in the microstructure of tissues using the microscopic MRI data, for example
changes in fibril structures in tendons and ligaments due to autoimmune diseases such as
rheumatoid arthritis and sarcoidosis.
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* Highlights (for review)
Spin locking method is applied to study the spin dynamics in liquid in a nano-cavity
The kinetic equations describe the spin lattice relaxation in bulk liquid is used.
We explain the two-time exponential dependence of NMR signal
NMR signal dependences on the strength of the spin-locking field are explained.

The good agreement with the experimental data is obtained
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Fig. 1.
A nano-cavity containing water molecules. Here ¢ is the angel between the main axis Z, of

the cavity and external magnetic field H, @is the angle between the £, -axis given by an
averaged orientation of the nano-cavity main axes and the magnetic field, ¢ and ¢ are the
polar and azimuthal angles characterizing the deviation of the main axis Z, of a cavity from
the 2 axis.
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Fig. 2.
Time and angle dependences of the inverse dimensionless spin temperatures of (a) the

Zeeman and (b) dipolar reservoirs, calculated using Egs. (23a) and (23b), respectively.
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Fig. 3.
Time dependences of the inverse dimensionless spin temperature of the Zeeman reservoir,

calculated using Eq. (23a) (red, solid curve - at 6=0.8 rad and black dotted - at ©6=0.82 rad)
and time dependences of the inverse dimensionless spin temperature of the dipolar reservoir
calculated using Eq. (23b) (green, dot-dashed curve - at 6=0.8 rad and blue dashed - at
0=0.82 rad)
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Fig. 4.
(a) Time and angle dependences of the inverse dimensionless spin temperature of the

Zeeman reservoir, calculated using Eq. (24a); (b) These dependences of the difference
between inverse dimensionless spin temperatures of the Zeeman and the dipolar reservoirs,
calculated using Eqgs. (24a) and (24b).
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The normalized NMR signals of tendon at different strength of spin-locking field is
calculated using Eq. (26) and the experimental data from [40]: »; = 500 Hz — green solid

curve presents theoretical results and green triangles are the experimental data; »; = 1000
Hz - red dashed curve (theoretical results) and red squares (the experimental data); o; =
3000 Hz - blue dotted curve (theoretical results) and blue circles (the experimental data); o

= 5000 Hz - navy dashed-dotted curve presents theoretical results and navy pentagons are
the experimental data. Note that error bars for the experimental date are slowly higher than
the symbol sizes.
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Fig. 6.

Time dependences of the Zeeman and dipolar inverse temperatures in the case of high
strength of the spin-locking field (w; > wj ).
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