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Abstract
A perchlorotriarylmethyl tricarboxylic acid radical 99% enriched in 13C at the cen-
tral carbon (13C1-PTMTC) was characterized in phosphate-buffered saline solution 
(pH = 7.2) (PBS) at ambient temperature. Samples immobilized in 1:1 PBS:glycerol 
or in 9:1 trehalose:sucrose were studied as a function of temperature. Isotope enrich-
ment at  C1 creates a trityl that can be used to accurately measure microscopic vis-
cosity. Understanding of the impact of the 13C hyperfine interaction on electron 
spin relaxation is important for application of this trityl in oximetry and distance 
measurements. The anisotropic 13C1 hyperfine couplings (Ax = Ay = 24 ± 2  MHz, 
Az = 200 ± 1 MHz) are larger than for the related 13C1-perdeuterated Finland trityl 
(13C1-dFT) and the g anisotropy (gx = 2.0013, gy = 2.0016, gz = 2.0042) is slightly 
larger than for 13C1-dFT. The tumbling correlation times (τR) for 13C1-PTMTC are 
0.20 ± 0.02 ns in PBS and 0.40 ± 0.05 ns in 3:1 PBS:glycerol, which are shorter than 
for 13C1-dFT in the same solutions. T1 for 13C1-PTMTC is 3.5 ± 0.5 μs in PBS and 
5.3 ± 0.4 μs in 3:1 PBS:glycerol, which are shorter than for 13C1-dFT due to faster 
tumbling, larger anisotropy of the 13C1 hyperfine, and about 30% larger contribution 
from the local mode. In immobilized samples, T1 for 13C1-PTMTC is similar to that 
for 13C1-dFT and other trityls without chlorine or 13C1 substituents, indicating that 
the 13C1 and Cl substituents on the phenyl rings have little impact on T1. The tem-
perature dependence of T1 was modeled with contributions from the direct, Raman, 
and local mode processes. Broadening of CW linewidths of about 0.6  G in fluid 
solution and about 2 G in rigid lattice is attributed to unresolved 35,37Cl hyperfine 
couplings.
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1 Introduction

Triarylmethyl radicals (TAMs, trityls) have many applications for in vivo oximetry 
[1–7] and spin labeling [8–13], and are inherently interesting because of their stabil-
ity and their long electron spin relaxation times. These radicals are carefully 
designed elaborations of the Gomberg triphenylmethyl radical that was character-
ized more than a century ago [14]. A wide range of substituents on the aromatic 
rings affect the EPR hyperfine structure, relaxation times, solubility, aggregation, 
and reactivity. Major emphasis has been on the class of trityls designed to place 
atoms with nuclear spins as far as is feasible from the locations of high unpaired 
spin density to achieve narrow lines. An example is deuterated Finland trityl (dFT) 
and related species [15]. In parallel, analogous stable radicals in which the phenyl 
ring substituents include chlorine have been studied extensively by Ballester and 
coworkers  [16]. Understanding of the impact of ring substituents on the electron 
spin relaxation times is important for the applications of these trityls in oximetry 
and distance measurements. Initial relaxation studies showed that T1 for trityls was 
not strongly influenced by Cl on the phenyl rings [17], although differences in solu-
bility of dFT and PTM required use of different solvents, which made it difficult to 
distinguish solvent effects from the effects of substituents. We previously compared 
T1 in fluid solution for 13C1-dFT with that for dFT, which demonstrated the contribution 
to T1 from modulation of the 13C hyperfine anisotropy [18]. In this paper, we present  T1 
for 13C1-PTMTC in fluid solution and  T1 in rigid lattice for 13C1-PTMTC and 13C1-dFT. 

                        

 
2  Methods

2.1  EPR Sample Preparation

The syntheses of tris(4-carboxy-2,3,5,6-tetrachlorophenyl)methyl radical-13C1 (13C1-
PTMTC) and 13C1-dFT were performed at West Virginia University as reported in 
[19] and [20]. Solutions were prepared in 50  mM sodium phosphate buffer con-
taining 142 mM NaCl (PBS), pH = 7.2 with trityl concentrations of 0.5 or 1.0 mM 
and stored at 4  °C. Samples of 13C1-PTMTC were protected from light. Samples 
for fluid solution spectroscopy at ambient temperature (~ 20 °C) were contained in 
Zeus AWG19 thin wall Teflon tubing with an internal diameter of about 0.97 mm 



799

1 3

Impact of Chlorine Substitution on Electron Spin Relaxation…

and about 0.1  mm wall thickness. Deoxygenation of the samples was performed 
with  N2 purging as previously reported [18]. A sample of 13C1-PTMTC in 9:1 
trehalose:sucrose with a 2000:1 sugar to radical ratio was prepared using the same 
procedure as for 13C1-dFT [18]. Based on a density of trehalose of 1.6 g/mL, the esti-
mated concentrations in the glasses are 2 and 4 mM for 13C1-dFT and 13C1-PTMTC, 
respectively. Samples in 1:1 PBS:glycerol or in 9:1 trehalose:sucrose glass were in 
4 mm OD quartz tubes for X-band or 1.6 mM OD capillaries for Q-band. Relaxation 
time measurements were performed on immobilized samples that had been deoxy-
genated by freeze–pump–thaw degassing and back-filling with a partial pressure of 
helium to provide thermal conductivity.

2.2  EPR Spectra

Fluid solution spectra were recorded on a Bruker EMX at X-band with an SHQE 
resonator and on a Bruker E580 at Q-band. Spectra were acquired with non-saturat-
ing microwave power and modulation frequency of 100 kHz. The modulation ampli-
tude was 0.2 G for samples in PBS at X-band, 0.3 G for 3:1 PBS:glycerol at X-band 
and 0.6 G for PBS at Q-band. Pulsed EPR measurements were made using a Bruker 
E580 with an X-band dielectric resonator in a CF935 flow cryostat cooled by liquid 
 N2 boiloff gas or by He gas, cooled with a Bruker/ColdEdge Stinger closed cycle 
system. CW spectra at 160 K were acquired at 60 dB attenuation (B1 ~ 0.9 mG) to 
minimize power saturation and passage effects.  T1 was measured by 3-pulse inver-
sion recovery, with pulse lengths from ca. 40 to 120 ns. For each pulse length, the 
output of a 1 kW TWT was attenuated to yield the maximum echo amplitude. Above 
the glass transition temperature, incomplete motional averaging of the A anisotropy 
makes Tm for 13C1-dFT or 13C1-PTMTC too short to detect an echo between ~ 160 
and ~ 293  K, so inversion recovery measurements of  T1 in 1:1 PBS:glycerol were 
performed only up to about 160 K. The rigidity of the 9:1 trehalose:sucrose glasses 
permits measurements up to room temperature.

2.3  Data Analysis

For immobilized samples, CW spectra and first derivatives of the field-swept echo-
detected spectra were simulated using the ‘pepper’ function of EasySpin [21], and 
the resulting parameters are shown in Table 1. Parameters obtained from the immo-
bilized spectra were used to simulate the fluid solution spectra with EasySpin and 
thereby determine the tumbling correlation time, τR. The ‘garlic’ function in EasyS-
pin was used for spectra in PBS, and ‘chili’ for spectra in 3:1 PBS:glycerol. An 
approximate value of  T2 = 110 ns in fluid solution was calculated using the expres-
sion T2 = 2/(√3γΔBpp), where γ is the gyromagnetic ratio and ΔBpp = 0.6 G is the 
tumbling-independent contribution to the peak-to-peak linewidths. The inversion 
recovery data were fit to the sum of two exponentials and the longer component was 
attributed to T1. The dependence of T1 on tumbling correlation time in fluid solution 
was modeled as described in [18]. The temperature dependence of T1 in immobilized 
samples was modeled as the sum of the direct, Raman, and local mode processes as 
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described previously [17, 22]. The process that is denoted as the direct process may 
be impacted by cross relaxation between neighboring paramagnetic centers.

3  Results and Discussion

3.1  CW Spectra

X-band and Q-band fluid solution spectra of 13C1-PTMTC in deoxygenated solutions 
at ambient temperature are shown in Fig.  1. The well-resolved 13C1 hyperfine of 
82.8 MHz = 29.6 G is similar to the values of 83.5 MHz reported for 13C1-PTMTC in 
water [18] and in DMSO [23] and 82.5 MHz for PTM in  CCl4 [16]. The very small 
sharp peak in the center of the spectrum is due to residual 12C1-PTMTC. In deox-
ygenated samples of 13C1-PTMTC in PBS the peak-to-peak linewidths at X-band 
are 0.96 and 0.90 G for the low-field and high-field lines, respectively. The X-band 
linewidths in PBS are about 0.15 G narrower than reported in water [19], which is 
attributed to the use of lower modulation amplitude. Incomplete motional averag-
ing of the g and A anisotropy contributes to the unequal amplitudes (and widths) 
of the two 13C hyperfine lines and the broader lines for 13C1-PTMTC than for 12C1-
PTMTC. The spectra were simulated with EasySpin using the anisotropic g and A 
values shown in Table  1 to obtain tumbling correlation times,τR = 0.20 ± 0.02  ns 
in PBS and 0.40 ± 0.05 ns in 3:1 PBS:glycerol. The much lower intensity satellite 

Fig. 1  Room temperature 
(~ 20 °C) spectra (black) for 
deoxygenated solutions of A 
0.5 mM 13C1-PTMTC in 50 mM 
PBS pH ~ 7.2, B 0.5 mM 13C1-
PTMTC in 3:1 PBS:glycerol 
(X-band, 9.8151 GHz) and C 
1.0 mM 13C1-PTMTC in PBS 
(Q-band, 33.8 GHz). Spectra 
were simulated (red) with 
EasySpin using gx = 2.0013, 
gy = 2.0016, gz = 2.0042, 
Ax = Ay = 24, Az = 200.5 MHz for 
13C1, and τ = 0.20 ns or 0.40 ns 
for PBS and 3:1 PBS:glycerol, 
respectively. ΔBpp for Gaussian 
and Lorentzian contributions 
to the simulations are 0.62 and 
0.15 (G), respectively
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lines with hyperfine splittings of about 36 and 29 MHz have been assigned to iso-
topologues with a 13C at positions  C2 or  C3,3’, respectively [19]. These contribu-
tions were not included in the simulations in Fig. 1. The EasySpin simulations of 
the fluid solution linewidths include a tumbling-independent Gaussian contribution 
that was 0.62 G for 13C1-PTMTC and 0.06 G for 13C1-dFT [18]. The large Gaussian 
contribution for 13C1-PTMTC is attributed to unresolved 35,37Cl hyperfine coupling. 
EasySpin simulations indicate that a linewidth of about 0.6 G could arise from cou-
pling to a set of six Cl with  ACl of ~ 0.24 MHz and a second set of six Cl with  ACl 
of ~ 0.16 MHz. These hyperfine couplings are in reasonable agreement with values 
of 0.17 and 0.09 MHz predicted by DFT calculations for PTMTC [24].

The X-band spectrum of 13C1-PTMTC in glassy 1:1 PBS:glycerol (Fig.  2) has 
well-resolved features for the 13C1 hyperfine couplings with Az = 200 ± 1 MHz and 
Ax ~ Ay = 24 ± 2  MHz, which are larger than for 13C1-dFT, consistent with the lit-
erature (Table  1). The A|| lines are well resolved in the rigid lattice X-band spec-
tra of both 13C1-PTMTC and 13C1-dFT (Fig. 2), which permits more precise defini-
tion of g anisotropy than can be obtained in spectra of samples with natural isotope 

Fig. 2  X-band (9.66  GHz) spectra at ~ 150  K (black) of 13C1-dFT and 13C1-PTMTC in glassy 3:1 
PBS:glycerol acquired with 60 dB attenuation (B1 ~ 0.9 mG) and 1.0 G modulation amplitude at 10 kHz. 
Spectra were simulated (red) with EasySpin using ‘pepper’ and the g and A parameters for 13C1 listed in 
Table 1 plus Hstrain along the x, y, and z axes of 5, 16, and 7.5 MHz for 13C1-dFT and 80% of total inten-
sity or Hstrain along the x, y, and z axes of 10.5, 12, and 14 MHz for 13C1-PTMTC with 91% of total inten-
sity, respectively. For 13C1-dFT, the isotopologues with a second 13C had coupling constants for  C2,3,3’ of 
Ax = Ay = 30, Az = 36 MHz with 10% of total intensity and coupling constants for  C4,4’,5 of Ax = Ay = 14, 
Az = 13 MHz with 10% of total intensity. For 13C1-PTMTC, the isotopologues with a second 13C had cou-
pling constants for  C3,3’ of Ax = Ay = 26, Az = 37 MHz with 6% of total intensity and coupling constants 
for  C2 of Ax = Ay = 33, Az = 41 MHz with 3% of total intensity
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abundance. For 13C1-PTMTC the g values are approximately axial with gx ~ gy < gz 
which is the reverse of gx ~ gy > gz for dFT and 13C1-dFT. Small contributions from 
isotopologues with a second 13C are not well resolved, but were included in the sim-
ulations, with the parameters listed in the figure caption. The average values were 
constrained to match the isotropic couplings observed in fluid solution. The values 
of the line-broadening parameter  Hstrain that were found in the EasySpin simulations 
along the parallel axis were 14 MHz for 13C1-PTMTC and 7.5 MHz for 13C1-dFT. 
The additional broadening of ~ 6.5 MHz (~ 2 G) is attributed to unresolved chlorine 
hyperfine. The small anisotropy in g and  A⊥ causes uncertainty in linewidths in the 
perpendicular region of the spectra, so it is difficult to determine the broadening 
from unresolved chlorine hyperfine in the perpendicular plane.

In PBS, the τR for 13C1-PTMTC is 0.20 ± 0.02  ns. The molecular radius is 
calculated to be 6.5  Å [19]. Use of the Stokes–Einstein equation τR = Vη/kT, 
where V = molecular volume in  m3, η = viscosity in poise, k = Boltzmann’s con-
stant = 1.381 ×  10–23  J/K, and T = temperature in Kelvin [25] predicts τR = 0.28  ns. 
For relatively small solutes, the Stokes–Einstein model has been modified by 
inclusion of a slip coefficient, cslip, and becomes τR = cslipVη/kT [26, 27]. The ratio 
0.20/0.28 gives cslip = 0.71 for 13C1-PTMTC in PBS, which is intermediate between 
the cslip = 0.78 for 13C1-PTMTC in water [19] and cslip = 0.66 for dFT in water [18, 
28]. The smaller molecular radius for 13C1-PTMTC than for dFT (7.5 Å) [28] is con-
sistent with shorter values of τR for 13C1-PTMTC. In PBS, τR for 13C1-PTMTC and 
13C1-dFT is 0.20 ± 0.02 and 0.29 ± 0.02 ns [18], respectively. In 3:1 PBS:glycerol, τR 
for 13C1-PTMTC and 13C1-dFT is 0.40 ± 0.05 and 0.80 ± 0.05 ns [18], respectively.

3.2  Electron Spin Relaxation Times

The  T2 for 13C1-PTMTC in PBS at 293  K measured by 2-pulse spin echo is 
110 ± 20 ns which is consistent with the value of 110 ns estimated from the approxi-
mately 0.6 G tumbling-independent contribution to the CW lineshapes. The T1 is 
3.5 ± 0.5 μs in PBS and 5.8 ± 0.8 μs in 3:1 PBS:glycerol. The dependence of  T1 on 
tumbling correlation time in fluid solution was modeled, as reported previously [18], 
using Eq. (1) which is the sum of contributions from modulation of 13C hyperfine 
anisotropy 1

TA
1

(Eq. 2), a local mode 1

T local

1

 , spin rotation 1

TSR

1

 (Eq. 3), and modulation of g 
anisotropy 1

T
g

1

 (Eq. 4) [28–31].

where I = 1/2 for 13C, Ai is a component of the 13C nuclear hyperfine in angular fre-
quency units, Aiso is the average 13C hyperfine observed in fluid solution, and ω is 
the Zeeman frequency in angular units.
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where Δg = gzz − 0.5(gxx + gyy), δg = 0.5(gxx – gyy).
The value of 1

T local

1

=6.6 ×  104  s−1 at room temperature was determined previously 
for natural abundance 12C1-dFT and closely related trityls including OX63 [28] in 
water solution and 7.6 ×  104  s−1 for 13C1-dFT in PBS [18]. The fit to the experimen-
tal values of T1 in fluid solution (Table  2) was improved by increasing 1

T local

1

 to 
(1.0 ± 0.2) ×  105   s−1. It is plausible that the chlorine substituents on the trityl rings 
could impact this parameter.

In the immobilized samples, the echo envelope modulation (ESEEM) from the 
chlorines was sufficiently deep that it precluded accurate measurements of Tm, so the 
focus of the relaxation measurements was on T1. The inversion recovery curves were 
fit with the sum of two exponentials and the longer time constant was attributed to 
T1 [32]. The T1 obtained by inversion recovery for 13C1-PTMTC and 13C1-dFT in 1:1 
PBS:glycerol and in 9:1 trehalose:sucrose as a function of temperature are plotted 
in Fig. 3 along with T1 obtained by inversion recovery for 12C1-dFT, 12C1-FT in 1:1 
water:glycerol, and T1 obtained by saturation recovery for 12C1-dFT and 12C1-FT in 
1:1 water:glycerol [33, 34]. At the lowest temperatures, T1 for 13C1-PTMTC in 9:1 
trehalose:sucrose is shorter than for other samples which is attributed to a larger con-
tribution from the direct process. The estimated concentration in the glass (~ 4 mM) 
is higher than for other samples. The large difference in T1 for 13C1-PTMTC between 
the 9:1 trehalose:sucrose glass and 1:1 PBS:glycerol suggest that there may also be a 
nonuniform distribution of radicals in the sugar glass. The temperature dependence 
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Table 2  Contributions to 
calculated T1 for 13C1-PTMTC 
in deoxygenated fluid  solutiona

a Calculated using Eqs. (1)–(4)
b Adjusted to fit the experimental values of T1

Calculated with 
τR = 0.2 ± 0.02 ns 
(PBS)

Calculated with 
τR = 0.4 ± 0.05 ns (3:1 
PBS:glycerol)

1

TA
1

(
s−1

) (1.77 ± 0.14) ×  105 (9.0 ± 0.92) ×  104

1

T local

1

(s−1)b (1.0 ± 0.2) ×  105 (1.0 ± 0.2) ×  105

1

TSR

1

(
s−1

) (2.85 ± 0.23) ×  103 (1.43 ± 0.15) ×  103

1

T
g

1

(
s−1

) (1.27 ± 0.1) ×  103 (6.39 ± 0.66) ×  102

Calc. 1
T1
(s−1) (2.87 ± 0.15) ×  105 (2.0 ± 0.094) ×  105

Calc T1 (s) (3.5 ± 0.2) ×  10–6 (5.1 ± 0.3) ×  10–6

Exper. T1 (s) (3.5 ± 0.5) ×  10–6 (5.3 ± 0.4) ×  10–6
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of the relaxation rates was modeled as the sum of direct, Raman [35, 36], and local 
mode [37, 38] processes as shown in Eqs. (5) and (6) [34].

where  J8 is the transport integral that is described by Eq. (6)

(5)
1

T1
= AdirT + ARam

�
T

�D

�9

J8

�
�D

T

�
+ Aloc

⎡
⎢⎢⎢⎢⎣

e
Δloc∕T�

e
Δloc∕T − 1

�2

⎤
⎥⎥⎥⎥⎦
,

(6)J8(
�D

T
) =

�D∕T

∫
0

x8
ex

(ex − 1)2
dx,

Fig. 3  Temperature dependence of  T1 obtained by inversion recovery for 13C1-PTMTC in 9:1 
trehalose:sucrose (pink +), 13C1-dFT in 9:1 trehalose:sucrose (green x), 13C1-PTMTC (pink inverted 
triangle), 13C1-dFT (green triangle),12C1-dFT (green open square), and 12C1-FT (olive x) in 1:1 
PBS:glycerol; and by saturation recovery for 12C1-dFT (orange star), and 12C1-FT (black diamond) in 
1:1 PBS:glycerol. Below about 30 K, the relaxation rates for 13C1-PTMTC in 9:1 trehalose:sucrose are 
enhanced because of the high spin concentration. The lines are fits to 1/T1 for 13C1-PTMTC (long dashes) 
or 13C1-dFT (short dashes) in 9:1 trehalose:sucrose calculated as the sum of contributions from the 
direct, Raman, and local mode processes with the parameters discussed in the text
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and Adir = coefficient of the direct process, Aram = coefficient of the Raman process, 
θD = Debye temperature, Aloc = coefficient of the local mode, and ∆loc = energy of 
the local mode. Below about 20 K, the process that depends linearly on T makes 
a significant contribution. The Raman process dominates between about 20 and 
120 K and the contribution from the local mode is increasingly important at higher 
temperatures. It was possible to acquire data over a wider temperature range in 9:1 
trehalose:sucrose, which facilitated a more accurate determination of the energy of 
the local mode than can be obtained in 1:1 PBS:glycerol. The fit lines for data in 9:1 
trehalose:sucrose (Fig.  3) were obtained with Adir = 0.22   s−1, ARam = 1.4 ×  104   s−1, 
θD = 160 K, Aloc = 4.9 ×  105  s−1 and ∆loc = 850 K for 13C1-dFT and with Adir = 0.6  s−1, 
ARam = 1.3 ×  104   s−1, θD = 160  K, Aloc = 1.1 ×  106   s−1 and ∆loc = 1000  K for 13C1-
PTMTC. The Debye temperature for the trehalose:sucrose matrix is higher than the 
value of 120 K observed in 1:1 water:glycerol [33]. The energy of the local mode for 
13C1-dFT is in good agreement with the value reported in 1:1 water:glycerol [34]. 
The energy for the local mode for 13C1-PTMTC is slightly higher than for 13C1-dFT.

Although there is scatter in the data in Fig. 3, the overall temperature depend-
ence is similar for all of the samples, which leads to the conclusion that the chlorine 
substituents have little impact on T1. Prior studies of the impact of chlorination on 
T1 were complicated by differences in solubility that required use of different sol-
vents for pairs of molecules with and without chlorine substituents. 1/T1 for PTM in 
4:1 toluene:CHCl3 was about 50% faster than for dFT in 1:1 water:glycerol between 
25 and 250  K [17]. The hydrogen-bonded 1:1 water:glycerol glass is more rigid 
than 4:1 toluene:CHCl3 which may have contributed to differences in the relaxa-
tion rates. Between about 125 and 250  K 1/T1 for 2,3,5,6-tetrachlorobenzosem-
iquinone in 2:1 triacetin:hexamethylphosphoramide was about a factor of 4 faster 
than for 2,5-dichloro-3,6-dihydroxy-1,4-benzosemiquinone in 1:1 water:glycerol. 
Here too, the relaxation rate for the more highly chlorinated molecule may have 
been increased by greater mobility in the non-hydrogen-bonded glass. In evaluat-
ing the trends for the semiquinones, it should be noted that the two additional chlo-
rines resulted in an increase in giso of 0.0012; whereas, chlorination of 13C1-PTMTC 
resulted in an increase of  giso of only 0.0002 in 1:1 PBS:glycerol. Increasing g val-
ues, which are a surrogate for increasing spin orbit coupling, also contribute to faster 
spin–lattice relaxation.

4  Conclusions

13C substitution at  C1 results in a highly anisotropic hyperfine coupling. Modulation 
of this anisotropic interaction provides an effective spin lattice relaxation mecha-
nism in fluid solution. Chlorine substitution on the trityl rings has little additional 
impact on T1 in fluid solution. In immobilized samples, 13C1 substitution or chlorine 
substitution on the phenyl rings has negligible impact on T1.
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