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Laser-induced alignment of particles and molecules was long envisioned to support three-dimensional
structure determination using single-particle imaging with x-ray free-electron lasers [PRL 92, 198102
(2004)]. However, geometric alignment of isolated macromolecules has not yet been demonstrated.
Using molecular modeling, we analyzed and demonstrated how the alignment of large nanorods and
proteins is possible with standard laser technology, and performed a comprehensive analysis on the
dependence of the degree of alignment on molecular properties and experimental details. Calculations
of the polarizability anisotropy of about 150,000 proteins yielded a skew-normal distribution with a
location of 1.2, which reveals that most of these proteins can be aligned using appropriate, realistic
experimental parameters. Moreover, we explored the dependence of the degree of alignment on
experimental parameters such as particle temperature and laser-pulse energy.

INTRODUCTION

X-ray free-electron lasers (XFELs) promise the diffrac-
tive imaging of single molecules and nanoparticles at
atomic resolution [1]. Ultra-short, high intensity x-
ray pulses interact with individual molecules and us-
ing the “diffraction-before-destruction” approach [2, 3]
large series of diffraction patterns are collected. Two-
dimensional diffraction patterns from randomly oriented
samples would then be computationally assembled to a
diffraction volume to retrieve the three-dimensional struc-
ture [4-6].

In the standard single-particle imaging (SPI) method,
the camera images do not contain a priori information
of the molecules’ orientation and, so far, the uncertainty
is attacked in silico [6]. Significant efforts were made
in improving the reconstruction process and the achiev-
able resolution, but it is still a highly challenging task,
especially for weakly scattering particles like individual
proteins, where diffraction signals from single molecules
are generally not strong enough to allow for the averaging
and sorting approaches [7, 8]. This is one of the major
bottlenecks for atomic-spatial-resolution SPI.

Imaging samples with controlled alignment or orienta-
tion [9] allows to significantly mitigate this problem by
allowing to sum the diffraction signals from many identi-
cally aligned molecules to provide a much stronger signal,
thus improving the image reconstruction step and paving
the way toward atomic-resolution SPI [3, 10, 11]. Careful
analysis of simulated diffraction patterns of laser-aligned
proteins demonstrated that it is possible to observe the sec-
ondary structure of proteins with only reasonably-strong

degrees of alignment (cos?6) > 0.9 [12].

The alignment of small molecules using external electric
fields from moderately intense, nonresonant light pulses
was studied extensively using experimental and theoreti-
cal methods [13-17]. Strong alignment was achieved for
linear, symmetric top, and asymmetric top molecules in
the adiabatic [14], intermediate [16, 18], and impulsive
regimes [13, 19]. Considerable efforts were made for laser-
induced alignment of large molecules [20-22] and even
for some complex and floppy polyatomic molecules [23]
as well as for weakly bound molecular complexes [24].
Such aligned-molecule samples were also studied by
electron [25, 26] and x-ray diffractive imaging experi-
ments [27]. Possibilities to laser-align large biomolecules
without deterioration of the secondary structure were pro-
posed [3, 10], but, so far, no alignment for such systems
has been reported.

For macromolecules, there are several challenges for
achieving the required alignment. Theoretical predictions
supported by in silico analysis can be a very important
step to guide the experiments. However, atomistic molec-
ular dynamics (MD) simulations are computationally very
expensive for large particles, especially when the inter-
action time extends to hundreds of nanoseconds [28]. In
addition, to accurately predict the “ensemble averaged”
single-particle diffraction images of macromolecules, simu-
lation of a large distribution of particles is essential rather
than a single particle. Ensemble computations are also
crucial for studying the temperature effects, as this can be
an important factor in preserving the secondary structures
of macromolecules, like proteins, and this step makes MD
simulations even more computationally expensive.



In this work, we predicted and analyzed the laser-
induced alignment of (bio-)nanoparticles. Nanoparticles
and proteins were treated as rigid bodies, supported by
previous molecular-dynamics simulations of structural
changes in strong electric fields [29]. The key parame-
ters for such simulations are the overall polarizability,
shape and their anisotropy, the temperature of the macro-
molecules, and the alignment laser field. We disentangled
how these parameters can be tuned for maximum align-
ment of gold-nanorod model systems and how this can
be exploited for the strong laser alignment of biological
macromolecules, e. g., proteins.

COMPUTATIONAL METHODS

The response of the particles to a nonresonant external
electric field was calculated based on their polarizabil-
ity tensors, which yielded the time-dependent induced
dipole moments. For metallic nanorods, the polarizabil-
ities were directly obtained by solving Laplace’s equa-
tion with Dirichlet boundary conditions and using Monte
Carlo path integral methods [30]. For proteins, the polar-
izabilities were derived from the same calculations using
regression-based scaling [31, 32].

Molecular ensembles were set up with random initial
phase-space distributions, i.e., with initial angular ve-
locities according to a Boltzmann distribution at the
given temperature and with random initial angular posi-
tions. Each run included 20,000 particles. The angular
positions of particles were stored in quaternions through-
out the calculation. The inertial tensors of the artificial
nanorods were calculated for cylinders. However, for pro-
teins the tensors were calculated based on the atomic
masses and coordinates as available from the protein data
bank (PDB) [33].

Electric fields of the alignment-laser pulses were repre-
sented by Gaussian functions with variable peak intensi-
ties. For simplicity, we used a temporal full-width at half
maximum (FWHM) of 8 ns, corresponding to the typical
pulse duration of standard Q-switched Nd:YAG lasers,
often used in alignment experiments. We also assumed
typical linearly polarized laser pulses with intensities of
1010...10*2 W/cm?.

The particles’ angular phase-space positions were prop-
agated in time by integrating Euler’s equations of angular
motion using a new, Python-based, openly available soft-
ware package CMIclassirot [34], which was based on and
checked against previous classical-alignment computa-
tions [35]. All simulations propagated the particles for
50 ns, except for the alignment of gold nanoparticles in
Fig. 1, for which the simulation time was extended to
200 ns. The effect of resonances was ignored in the simu-
lation, i.e., the laser-field frequency was assumed to be
far off resonance from the molecules and nanoparticles
absorption.
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FIG. 1. Degree of alignment of gold nanorods for different
temperatures (T') and laser-field intensities (I). a) T'= 298 K
and T = 10" W/ecm? b) T = 298 K and I = 10" W/cm?.
andc) T =4 K and I = 10" W/cm?. The degree of alignment
of (10, 2) rods is shown in red, (50, 10) in blue, and (100, 20)
in black. The temporal laser profile is indicated by the shaded
gray area and the corresponding field intensities are specified
on the secondary axes. Please see the text for details and
definitions of the abbreviations.

RESULTS

The computed time-dependent degrees of laser-induced
alignment of nanorods of three different sizes are shown
in Fig. 1 for 298 K and 4 K and alignment-laser peak
intensities of 10''...10'2 W/cm?  Throughout this
manuscript, nanorod sizes are represented as (height/nm,
diameter /nm), with the calculations performed for
(10, 2), (50, 10), (100, 20), respectively.

During the pulse and with particles initially at room
temperature, the degree of alignment for all three particles’
sizes, Fig.1 a, b, follows the temporal laser profile on
the rising edge in a quasi-adiabatic fashion [16]. The
smallest particle (10, 2) exhibits the largest alignment of
(cos?0) = 0.96.



However, the laser turn-off dynamics show considerable
differences: The two larger nanorods exhibit permanent
alignment after the laser pulse is turned off, whereas the
small nanorod quasi-adiabatically follows the temporal
laser profile to an isotropic field-free angular distribu-
tion, i.e., <cos20> = 1/3. This can be rationalized by
comparing the rotation periods of the nanorods, i.e., the
average time needed for each nanorod to rotate around
its center of mass by 360 °, to the alignment-laser-pulse
duration. The rotation periods depend on the temper-
ature, because the initial phase space is assigned based
on a corresponding Boltzmann distribution. For large
nanorods at room temperature, the rotational periods are
within 10 ps (v ~ 100 kHz, w ~ 6.3 - 10° rad/s), which is
three orders of magnitude larger than the pulse duration.
Thus, these particles exhibit non-adiabatic alignment, re-
sulting in a permanent alignment after the pulse is off,
Fig. 1 a, b. Already at low intensity, I = 10** W/cm?,
the particles are confined even after the laser is off to
fully rotate in a plane containing the laser polarization
vector, corresponding to <00529> = 0.5, Fig. 1 a. Thus,
no increase in the permanent alignment is possible at
I =102 W/cm?, Fig. 1 b. For small nanorod, the rota-
tional period reduces to 20 ns, which is comparable to the
alignment-laser pulse duration. Thus, these particles ex-
hibit quasi-adiabatic alignment [16, 18] and no permanent
alignment is observed after the pulse, Fig. 1 a, b.

However, at 4 K, which is experimentally achievable [36],
the rotational period increases to 400 ns for the (10, 2)
rods, resulting in the transition to the non-adiabatic
regime and thus a field-free permanent alignment is ob-
served even for this smallest rod after the pulse is off, see
Fig. 1 c.

For the larger nanorods (blue, black) the degree of
permanent alignment after the pulse shows a strong oscil-
lation that decays with time, which is a result of the slow
dephasing between the rotations of the confined nanorods,
which start to rotate with different angular velocities,
but significantly slower than for the small particles. This
variation in the angular velocities causes the decay of the
pattern with time. Furthermore, to ensure that these
oscillations were not a result of undersampling, we per-
formed a convergence study in which we increased the
number of particles for the large nanorods to 200,000
particles and we obtained the same oscillations.

Although all our simulations take into account the full
polarizability tensor, it is instructive to study the degree
of alignment as a function of the nanorod shape described
by the ratio of its principal moments of polarizability,
i.e., the ratio of o) to ay, which correlates with the
polarizability anisotropy:

o) = max (a1, a2z, 33)

o = (3@— aH) /2 (1)
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FIG. 2. a) Maximum degree of alignment, max<00529>, as a

function of the polarizability ratio c,- at different temperatures
and intensities for a nonorod of 10 nm?>. At low temperature
a high degree of alignment is achieved even at very low inten-
sity. b) The «, distribution of about 150,000 proteins in the
protein data bank (PDB) approximately follows a skew-normal
distribution with a location of 1.2, scale of 0.7 and skewness
parameter of 6.5.

with the static-polarizability components in the principal
axes of polarizability frame «;; and o = 3 ;. For av,. the
scaling factor applied to the elements of the polarizability
tensors to account for the dielectric medium of proteins
cancels out, and does not have to be included in this
discussion of shape.

Fig. 2 a shows the dependence of the maximum degree
of alignment i. e., max<cos29> on «, for two different laser
peak intensities of I = 10 W/cm? and I = 10" W /cm?.
There is a quick rise of max<00529> for ;. in the range
1.2...2.5-10*° W/cm?, depending on temperature, con-
firming that with increasing particle anisotropy there is a
significant increase in the maximum degree of alignment,
as could be expected. Further increasing «, led to a fur-
ther slow increase in the maximum alignment toward an
asymptotic maximum. Furthermore, for higher intensity
one observes stronger alignment, especially for small val-
ues of a,.. The same holds for lower temperatures, which
enable significantly increased alignment even at lower
laser intensities [20, 37]. Specifically, for 10! W /cm?
and room-temperature particles it requires a,. > 8 to
obtain a reasonable degree of alignment of <c0820> > 0.8,
whereas at low temperature (4 K) [36], strong alignment
of <cos29> = 0.9 is achieved even at o, = 1.5 .

Proteins and similar biological macromolecules are the
principal target for single particle imaging. Thus, we
calculated the polarizability ratio «a,. of about 150,000
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FIG. 3. a) The effect of laser pulse intensity on the degree of
alignment of a gold nanorod with a, = 1.2 and size (3.6, 3.2)

at 298 K (blue) and 4 K (orange). A good degree of alignment
max <0052€ = 0.9 is achieved at 4 K with intensities as low

as of 10'® W/em? (filled circles). However, a significantly
stronger intensities (more than 5 - 10" W/cm?) are required
to obtain a good degree of alignment at 298 K. b) The effect
of temperature on the degree of alignment of the same gold
nanorod (polarizability ratio of 1.2) for two different laser
intensities, 10'® W/cm? (blue) and 10" W/cm? (orange).
Strong alignment is achieved for both intensities at very low
temperatures. However, a quick decay in the max{cos?f) is

observed for the low intensity with increasing the temperature.

proteins using the database we built previously [32], see
Fig. 2 b. These data were obtained by calculating the
polarizability tensors of proteins based on their PDB
structures using ZENO [30, 32]. These tensors were diag-
onalized to put all molecules in the polarizability frame,
their «, values were computed according to (1), and
summarized in the histogram in Fig. 2 b. The «, distri-
bution follows a skew-normal distribution with a location
of ~1.2. As 96 % of the data have an «, larger than the
location value, this distribution directly indicates that a
corresponding, significant fraction of these proteins have
sufficiently anisotropic polarizabilities that make them
directly amenable to strong laser alignment.

To provide further understanding of the effect of shape
of the object on the maximum achieved alignment, we
studied the effect of laser intensity and particle tempera-
ture for a gold nanorod with a, = 1.2 and size (3.6, 3.2),
see Fig. 3.

Fig. 3 a shows the effect of different laser intensities
on the degree of alignment at 298 K and 4 K. The degree
of alignment quickly increases at low intensities, depend-
ing on temperature, and saturates toward the asymp-
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FIG. 4. Degree of alignment of the green fluorescent pro-
tein, depicted in the inset, at 298 K (red) and 4 K (blue)
using 10'> W/cm? pulse intensity (shaded area in gray).
In consistency with Fig. 3, a good degree of alignment of

<cos2€> = (.84 is achieved at 4 K even at very low intensities,
e.g., in the raising flank of the laser pulse at 5- 10'° W/cm®.

However, a stronger intensity of 10> W/cm? is required to
achieve similar alignment at room temperature.

totic limit (vide supra). Again, the achievable degree of
alignment at 4 K is significantly higher than at room
temperature. In the latter case, strong alignment of
max <00329> = 0.9 is achieved for the highest intensities
of 10'2 W /em?, whereas a 4 K sample enables very strong
alignment of max <00329> = 0.95 for intensities as low as
510 W/cm?.

Similarly, Fig. 3 b shows the degree of alignment for
the same particle versus the temperature at two different
laser intensities, demonstrating the decrease of alignment
with increasing temperature, especially so for weaker laser
intensities.

Thus, based on our model system, which is a nanorod
with an anisotropy similar to that of most of the proteins,
Fig. 2, a good degree of alignment is achievable for most
proteins at 298 K using 10 ns alignment-laser pulses with
peak intensities around 10* W /em?. This alignment can
be improved significantly exploiting cryogenically cooled
(4 K) [36] proteins even with a much weaker laser pulse.
Furthermore, the cooling will also reduce the chance of
structural damage of proteins by intense laser fields [29].

To simulate the alignment of an actual protein, we
have applied our method to simulate laser-induced align-
ment of the prototypical green fluorescent protein (GFP),
which has a cylindrical shape (o, = 1.5) and thus strong



alignment could be expected, see Fig. 2. We calcu-
lated the inertia and polarizability tensors based on
the PDB structure with PDBID 1GFL [38]. The ele-
ments of the polarizability tensors were scaled by a factor
of 0.4 to account for the dielectric medium of proteins
(er = 3.2 [32]). Then, we applied a Gaussian laser pulse
with a FWHM of 8 ns. As shown in Fig. 4, moderate
alignment of max <(30829> = 0.84 was obtained at room
temperature for a peak intensity of 1012 W/cm?. How-
ever, at 4 K max <00529> = 0.85 was already achieved
for 2 - 101 W/cm? and for 102 W/cm? we obtained
max <(30529> =0.94.

In summary, using simulations based on the classi-
cal dynamics of rigid bodies we showed that significant
laser-induced alignment of nanorods and biological macro-
molecules, with typical polarizability ratios a;/a_, can
be achieved. The dependence of the degree of align-
ment on the alignment-laser intensity, sample tempera-
ture, and molecular size and polarizability were analyzed.
We showed that a very high degree of alignment can
be achieved for cryogenically-cooled [36] proteins at a
moderate laser power of 10'° W /cm?, which should not
cause radiation damage [29]. This high degree of control
of <00520> > 0.94 paves the way for future atomic reso-
lution [12] single particle x-ray and electron diffractive
imaging experiments. Furthermore, the achievable atomic
spatial and femtosecond temporal resolution provide the
prerequisites for future time resolved studies of ultrafast
biochemical dynamics.

Our approach provides clear insight into the optical
control of macromolecules and enables better modeling of
the experimental parameters for successful laser-induced
alignment experiments, which are currently in progress
in our group. Envisioned future experiments plan to
make use of our cryogenic nanoparticle cooling setup [36]
together with efficient laser control to achieve a very
high degree of alignment for shock-frozen proteins and,
in turn, sub-nanometer resolution in single particle x-ray
imaging. We believe that this framework will prove useful
for furthering the field of single-particle x-ray imaging and
would allow us to observe atomically resolved snapshots
of ultrafast chemical dynamics.

The achievable strong laser alignment of nanoscopic
objects could have further applications in nanoscience [39]
as well as in nanoscale quantum optics or quantum sens-
ing [40].
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