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Abstract: The nanoviscosity experienced by molecules in
solution may be determined through measurement of the
molecular rotational correlation time, τc, for example, by
fluorescence and NMR spectroscopy. With this work, we apply
PAC spectroscopy to determine the rate of rotational
diffusion, λ=1/τc, of a de novo designed protein, TRI-
L12AL16C, in solutions with viscosities, ξ, from 1.7 to
88 mPa·s. TRIL12AL16C was selected as molecular probe
because it exhibits minimal effects due to intramolecular
dynamics and static line broadening, allowing for exclusive
elucidation of molecular rotational diffusion. Diffusion rates

determined by PAC data agree well with literature data from
fluorescence and NMR spectroscopy, and scales linearly with
1/ξ in agreement with the Stokes–Einstein–Debye model.
PAC experiments require only trace amounts (~1011) of probe
nuclei and can be conducted over a broad range of sample
temperatures and pressures. Moreover, most materials are
relatively transparent to γ-rays. Thus, PAC spectroscopy could
find applications under circumstances where conventional
techniques cannot be applied, spanning from the physics of
liquids to in-vivo biochemistry.

Introduction

Diffusion-controlled chemical and biochemical reaction rates
are, in part, determined by the viscosity of the solvent, as are
the mechanical properties of liquids. Thus, considerable effort
has been devoted to experimental determination of viscosity. A
family of techniques, including fluorescence and NMR
spectroscopy,[1–5] rely on measuring rotational correlation times,

τc, and utilize the fact that τc correlates with viscosity. The
simplest account of this correlation is given by the Stokes–
Einstein–Debye relation:[6,7]

tSED
c ¼

Vx

kT (1)

where V is the effective molecular volume, typically including a
hydration layer, ξ is the viscosity, k is Boltzmann’s constant, and
T the absolute temperature.

Perturbed angular correlation (PAC) spectroscopy is a
nuclear physical technique, in which the angular correlation
between two γ-rays emitted in succession from a radioactive
probe is recorded as a function of time, with t=0 given by
detection of the first γ.[8,9] Conservation of angular momentum
in the nuclear decay gives rise to anisotropic emission of the
second γ-rays with respect to the direction in which the first γ-
ray is emitted, that is, γ� γ angular correlation.[8,9] If the nucleus
experiences extra-nuclear magnetic fields or electric field
gradients (EFGs) during the time it is in the intermediate nuclear
level (prior to emission of γ2), the angular correlation is
perturbed. In the data presented here, the leading perturbation
is the nuclear quadruple interaction (NQI) between the nuclear
electric quadrupole moment and the EFG originating from the
surrounding charge distribution. Measuring the PAC of the γ-
rays, allows for interrogation of the NQI at the probe site,
reflecting the local molecular and electronic structure, as well as
dynamics.[9] Dynamics may be due to local probe site dynamics
as well as global molecular rotational diffusion.

For randomly oriented species, such as molecules in
solution, the NQI may be characterized by two parameters, ω0
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and η, commonly referred to as the interaction strength and
the asymmetry, respectively. For an intermediate state with
nuclear spin I= 5=2, which is the case for several PAC isotopes
including 111mCd:[8,9]

w0 ¼
12p VzzeQj j

40h (2)

h ¼
Vxx � Vyy

Vzz
(3)

Where Vii are the diagonal elements of the EFG tensor in the
principal axis system, ordered such that jVxx j � jVyy j � jVzz j , e is
the charge of the electron, Q is the nuclear electric quadrupole
moment and h is Planck’s constant.

For time independent NQIs and randomly oriented species,
the perturbation function for I= 5=2 is:

[9,10]

Gstatic
22 tð Þ ¼ a0 þ a1cos w1tð Þ þ a2cos w2tð Þ þ a3cos w3tð Þ (4)

where ai and ωi depend on ω0 and η of the NQI. The I= 5=2

intermediate nuclear level is split into three sublevels due to
the NQI, and ωi directly reflect the energy differences (�hωi) of
these sublevels. Thus ω3=ω1+ω2, which is of course obeyed
by the three frequencies in Figure 1B. Moreover, a Lorentzian

line shape is often applied, with the parameter δ accounting for
the so-called static line broadening.

The effect of stochastic time dependent NQIs, for example
due to molecular rotational diffusion, on PAC spectra is divided
into the slow or fast dynamics time regimes, with the timescale
determined by ω0. For slow rotational diffusion (ω0τc@1), the
static perturbation function, Equation (4), becomes exponen-
tially damped:[9,10]

Gslow rotational diffusion
22 tð Þ ¼ e� ltGstatic

22 tð Þ (5)

where λ is the rate of the dynamic process, which for pure
rotational diffusion is λ=1/τc.

For rapid rotational diffusion (ω0τc!1), the perturbation
function becomes an exponentially decaying function without
oscillatory behaviour:[8,9]

Gfast rotational diffusion
22 tð Þ ¼ e� 2:8

w2
0

l
1þh2

3ð Þt (6)

Note that the λ (=1/τc) used here, should not be confused
with the λ, often used in PAC literature in the fast dynamics
time regime.

Several past PAC studies have reported the effect of
dynamics on the spectroscopic signal.[9–21] However, the molec-
ular motion comprises both global rotational diffusion and local
intramolecular dynamics, and thus, in most cases, the effective,
combined dynamics of the molecule were observed.

With this work we selected the de novo designed protein,
TRIL12AL16C, which belongs to a family of peptides forming
coiled coils, as the molecular probe. The mother TRI peptide is
composed of 4 heptad repeats with glycines at the N and C
termini, Ac� G(LKALEEK)4G-NH2. TRIL12AL16C has substitutions
at positions 12 (L12A) and 16 (L16C), and forms a trimeric coiled
coil under the experimental conditions used here. The CdII

binding site is composed of three thiolate (cysteinate) ligands
and a water molecule, that is, CdS3O.

[22] This protein displays a
very well-defined metal site with narrow lines in the 111mCd PAC
spectrum, demonstrating that static line broadening as well as
the effect of intramolecular dynamics on the PAC signal is
minimal.[23] This makes TRIL12AL16C an ideal model system to
study the effect of global molecular rotational diffusion on the
PAC signal. More specifically, the rotational correlation time
may be recorded by 111mCd PAC spectroscopy in the slow
reorientation time regime, thereby allowing for determination
of the nanoviscosity experienced by the protein. Such PAC
probe–molecule complexes may be designed for direct deter-
mination of rotational correlation times and nanoviscosity in a
variety of settings from physics to biochemistry.

Results and Discussion

The experimental conditions and the parameters obtained from
fitting the PAC data are presented in Table 1 and the
corresponding PAC spectra are presented in Figure 1. Sucrose
was added to the solutions to control the viscosity. For

Figure 1. A) 111mCd PAC and B) Fourier transformed data (data indicated as a
coloured line and fitted as a black line) for the de novo designed protein,
TRIL12AL16C, recorded at 1 °C and various viscosities. The viscosities
decrease from top to bottom: 88, 29, 9.8, 3.4, 1.7 mPa·s.
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additional details on the PAC measurements and fitting, see the
Experimental section and the Supporting Information. As
expected, an oscillating PAC signal is observed within the slow
dynamics time regime (ω0τc@1) for the experiment with high
viscosity,[23] Figure 1A (ξ=88 mPa·s). Damping of the signal
increases with decreasing viscosity, leading to essentially
complete damping for the experiment with lowest viscosity,
Figure 1A (ξ=1.7 mPa·s). The three frequencies of the well-
defined NQI can be seen readily in Fourier transforms of
perturbation functions, Figure 1B, with linewidth that increases
with decreasing viscosity. There are two contributions to the
linewidth, the static line broadening represented by the
parameter δ, and the dynamic line broadening represented by
λ. The two parameters differ in how they affect data: The signal
at zero frequency, that is, the a0 term of the perturbation
function [Eq. (4)] is only affected by dynamic line broadening
and not by static line broadening. In contrast, the other three
terms of the perturbation function are affected by both types of
line broadening. The dynamic line broadening is therefore
directly observable by the broadening and decreased intensity
of the signal at zero frequency (Figure 1B). Moreover, the static
line broadening is expected to be almost constant throughout
the series of experiments (because the metal site is embedded
within the protein) and can therefore not account for the
progressive increase of the line broadening with decrease of
viscosity.

In Figure 2A, the values of λexp obtained from the 111mCd
PAC experiments are plotted against λSED, calculated within the
Stokes–Einstein–Debye approximation, along with data for
various proteins determined using fluorescence and NMR
spectroscopy.[1,2] The PAC data presented here compare well
with the data from the literature, validating the use of this
method to measure rotational diffusion.

In Figure 2B, a linear fit of λexp against λSED is presented for
the PAC data. The measured rate of dynamics is composed of
two contributions, the global rotational diffusion and intra-
molecular dynamics of the protein affecting the metal site, as
described by λexp=a×λSED+λintramolecular, assuming that the
global rotational diffusion rate is proportional to T/(Vξ), and
that the intramolecular dynamics is independent of the
viscosity. This leads to λintramolecular=1.8(5) μs� 1, which is a very
small number, and corroborates the conclusion based on the
narrow line width of the PAC signal, that the metal site in

TRIL12AL16C is relatively rigid. By using the data in Figure 2, a
standard curve may be created, see Figure S2. For a given value
of λ derived from a 111mCd PAC experiment for the reference
molecule TRIL12AL16C, this standard curve allows for determi-
nation of the solvent viscosity.

Taken together, the systematic correlation of the PAC data
with viscosity presented in Figures 1, 2, and S2, and Table 1,
and the comparison with data from the other spectroscopic
techniques, indicate that PAC spectroscopy may be applied to
reliably determine λ over the range of almost two orders of
magnitude of viscosity (1.7–88 mPa·s).

PAC spectroscopy provides access to a range of measurable
correlation times, and here we estimate the limits. Lower and
upper limits of λ depend on PAC isotope and strength of the

Table 1. Fit parameters for the 111mCd PAC data for the model protein, TRIL12AL16C (at 1 °C and various viscosities, ξ), and calculated λSED and tSEDc within the
Stokes-Einsten-Debye approximation, see Equation (1) and Figure 1. Error bars on the PAC parameters are statistical standard deviations based on the fit to
the data. Error bars on the calculated λSED and tSEDc are determined assuming that the error bar on the temperature is �1 °C, and the error bar on the sucrose
concentration is �1% w/w. f: fixed in the fit. A is the amplitude of the signal, and the remaining parameters are described in the text.

Sucrose ξ ω0 η δ A λexp τc
exp λSED tSEDc

%w/w mPa·s Mrads� 1 ×100 ×100 μs� 1 ns μs� 1 ns

55 88(15) 340.4(3) 0.143(4) 1.4(1) 9.3(2) 3.22(40) 310(39) 1.96(33) 511(87)
55 88(15) 343.6(5) 0.161(5) 2.0(2) 8.3(3) 3.83(55) 261(37) 1.96(33) 511(87)
55 88(15) 338.7(8) 0.16(1) 1.9(4) 9.3(5) 5.9(1.2) 169(34) 1.96(33) 511(87)
47 29(3.5) 337(1) 0.14(1) 1.8f 9.7(5) 10.7(1.4) 93(12) 5.94(72) 168(20)
36 9.8(0.8) 337(1) 0.15(2) 1.8f 9.7(6) 17.2(2.1) 58.1(7.1) 17.6(1.4) 56.9(4.6)
19 3.5(0.3) 340.9f 0.155f 1.8f 9.3f 52.9(5.2) 18.9(1.9) 49.2(4.2) 20.3(1.7)
0 1.7(0.1) 340.9f 0.155f 1.8f 9.3f 118(21) 8.5(1.5) 101(6.0) 9.86(58)

Figure 2. Experimental data for the characteristic rate of dynamics, λexp,
versus the theoretical reciprocal rotational correlation time within the
Stokes–Einstein–Debye model, λSED (=1/τc) for the TRIL12AL16C protein.
A) 111mCd PAC data (blue data points with error bars) compared to
fluorescence (green inverted triangles) and NMR (orange squares) spectro-
scopic data.[1,2] B) 111mCd PAC data points with a line of best fit (the data point
with the largest value of λ was not included in the fit because it does not
fulfil ω0τc @1): λexp=1.0(1)λSED+1.8(5) μs� 1. Note that the shaded area
corresponds to points within one standard deviation of the fitted line.
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NQI interaction (see the Supporting Information for more
detail). The lower limit (slow rotational diffusion) is-controlled
by the longest time (between the two γ-rays), for which good
experimental S/N can be achieved, and therefore mainly by the
lifetime of the intermediate nuclear level. For 111mCd the lower
limit is on the order of λ=1 μs� 1. For other PAC isotopes, for
example, 204mPb, which has a longer intermediate state half-life,
this limit might be decreased by a factor of about 3. The upper
limit within the slow dynamics time regime is controlled by the
requirement that ω0@λ, that is, by the measured frequency, ω0.
For 111mCd PAC this leads to an upper limit of λ on the order of
100 μs� 1. For other PAC isotopes, for example, 181Hf or 199mHg,
which often display larger ω0, this limit might be increased by a
factor of about 3. In the fast dynamics time regime, ω0!λ,
however, the upper limit may be extended significantly
allowing even studies of molecular reorientation in the gas
phase. The first PAC experiments on molecules in the gas phase
were realized very recently, and indeed rapid reorientation was
observed for 199mHgI2 in 1.8 bar of Ar at 300 °C due to collisions
of HgI2 with the Ar gas molecules.

[24]

The main advantages of PAC spectroscopy are: 1) Very low
concentrations (pM� nM) of probe–molecule complex are
required, because it is a radioisotope based technique, 2) Most
materials are relatively transparent to γ-rays, allowing for
experiments under conditions where visible light (fluorescence
spectroscopy) cannot be applied, 3) The PAC instrument is
mechanically stable and a broad range of temperatures,
pressures, viscosities, etc. may be probed, 4) The dynamic range
in which PAC spectroscopy is sensitive to changes of viscosities
(or molecular rotational correlation times) spans almost 4 orders
of magnitude (Figure S1). Limitations of PAC spectroscopy
include: 1) the experiments are relatively expensive and time
consuming, 2) production of suitable radioisotopes is not trivial
in most cases, and for short lived nuclei requires a production
facility nearby, 3) PAC instruments are not commercially avail-
able. For a more elaborate overview of PAC spectroscopy, we
refer the reader to the literature.[8,9]

Applications of PAC spectroscopy that may be envisioned
using designed molecular nanosensors of viscosity include
measurements of: The effects of confinement on a liquid’s
properties, rotational diffusion of (bio)molecules in various
environments, molecular self-assembly/aggregate sizes and the
concomitant changes in rotational correlation time, the process
of nanocrystallisation, and the determination of local micro-
scopic viscosity. More generally in a physics perspective, change
of dynamics of liquids upon change of temperature, pressure,
or other experimental conditions may be explored. Moreover,
pharmaceutical applications may include the fate of a labelled
molecule in vivo by recording changes in rotational correlation
times, for example, for a labelled drug binding to a receptor.
Similarly, for a probe initially trapped within a drug delivery
agent such as a lipid vesicle, the lifetime of the vesicle can be
monitored, because the probe will change rotational correlation
time upon release from the vesicle as demonstrated about
40 years ago using time integrated PAC.[18–21]

Conclusions

With this work, we have demonstrated that through careful
selection of a PAC probe–molecule complex (here, the rigid CdII

binding site of the TRIL12AL16C protein), it is possible to
directly determine the rate of molecular rotational diffusion, λ,
over almost two orders of magnitude (3.2–118 μs� 1). Using λ,
we can estimate the viscosity, that is, the nanoviscosity
experienced by the tumbling protein. The experimentally
determined λ values agree well with those determined by NMR
and fluorescence spectroscopy on other proteins, corroborating
our conclusion. Several applications of PAC spectroscopy may
be envisioned from the physics of liquids to in-vivo biochemis-
try.

Experimental Section
Peptide synthesis and purification: The protein TRIL12AL16C was
prepared and characterized as described in ref. [23].

PAC spectroscopy: A six-detector PAC setup[25] with BaF2 detectors
was used for the spectroscopic measurements. The time resolution
was 0.86 ns, and the time-per-channel was 0.562 ns. Data analysis
was carried out with the Winfit program (provided by Prof. T. Butz)
using 700 data points excluding the first 2 points due to systematic
errors near t=0. Fourier transformation of the data and fits was
carried out using 600 points after mirroring 300 data points and
with a Keiser-Bessel parameter of 4. A Lorentzian line shape was
used with the parameter δ accounting for line broadening due to a
static distribution of electric field gradients (EFGs). The experimen-
tal equivalent of G22(t) to which the NQI parameters are fitted is:

R tð Þ ¼ 2
W 180�; tð Þ � W 90�; tð Þ

W 180�; tð Þ þ 2W 90�; tð Þ
(7)

where W(180°,t) and W(90°,t) are the geometrical mean of
coincidence spectra recorded with 180° and 90° between detectors,
after adjustment to the same (t=0) start channel and baseline
correction for random coincidences. As the information content of
the experimental data gradually decreases with more damping
(lower viscosity; Table 1), it was necessary to fix parameters in the
fit. First, the parameter reflecting local time-independent (on a
timescale of a few hundreds of nanoseconds) variations from one
molecule to the next, δ, correlates with λ, and therefore δ was fixed
to the average value determined at the highest viscosity. Next, for
the two experiments where the oscillating signal was strongly
damped (viscosity of 1.7 and 3.4 mPa·s), ω0 and η were fixed, and
finally the amplitude was fixed for the experiment with viscosity of
1.7 mPa·s.

In Figure 1, the data for R(t) were shifted to have a base line at zero,
and the Fourier transform was performed on these data (this does
not affect the fitted parameters presented in Table 1).

Radioactive 111mCd was produced at the University Hospital in
Copenhagen and separated from 108Pd as described previously.[26] In
a typical experiment, a small volume (~10 μL) of 111mCd in water
was mixed with non-radioactive cadmium acetate, Tris buffer, and
TRIL12AL16C (in 1 mM H2SO4), pH was adjusted to 7.9 at room
temperature (and thus pH 8.5 at 1 °C, given the temperature
dependence of the pKa of TRIS), the sample was left for 10 min, and
sucrose added to the desired concentration, thereby achieving final
concentrations of 300 μM TRIL12AL16C (and thus 100 μM of the
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protein trimer), 25 μM CdII, and 14 mM Tris in a final volume of
~100 μL. pH was measured again after the PAC experiments and
was in all cases 8.4�0.2 at 1 °C.

Calculation of the rotational correlation time for the molecule to
which the PAC probe is bound was carried out within the Stokes–
Einstein–Debye approximation for a spherical molecule:[6,7]

tSEDc ¼
Vx

kT ¼
4pðrm þ rhÞ

3x

3kT
(8)

where V is effective molecular volume, rm and rh are the molecular
radius and radius of hydration, respectively, ξ is the viscosity and T
the absolute temperature. rh=3 Å was selected as is common
practice, and rm was determined by:

rm ¼
3M

4p1NA

� �1=3

(9)

where M is the molecular mass, 1 is the density of the molecule set
to 1.37 gcm� 3,[27] and NA is Avogadro’s number.

The rate of rotational diffusion, λSED, which is closely related to the
diffusion coefficient, D (λSED=6D), is calculated as:

lSED ¼
1

tSEDc
(10)
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