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Abstract — We present a momentum transfer mechanism mediated by electromagnetic fields that
originates in a system of two nearby molecules: one excited (donor D*) and the other in ground
state (acceptor A). An intermolecular force related to fluorescence resonant energy or Forster
transfer (FRET) arises in the unstable D* A molecular system, which differs from the equilibrium
van der Waals interaction. Due to the its finite lifetime, a mechanical impulse is imparted to the
relative motion in the system. We analyze the FRET impulse when the molecules are embedded
in free space and find that its magnitude can be much greater than the single recoil photon
momentum, getting comparable with the thermal momentum (Maxwell-Boltzmann distribution)
at room temperature. In addition, we propose that this FRET impulse can be exploited in the
generation of acoustic waves inside a film containing layers of donor and acceptor molecules, when
a picosecond laser pulse excites the donors. This acoustic transient is distinguishable from that
produced by thermal stress due to laser absorption, and may therefore play a role in photoacoustic
spectroscopy. The effect can be seen as exciting a vibrating system like a string or organ pipe with

light; it may be used as an opto-mechanical transducer.

Copyright © EPLA, 2012

Introduction. — Electromagnetic fields can exert
forces on an object that significantly influence its motion.
These radiation forces have enabled the development of
techniques for particle trapping or mechanical manipula-
tion (optical tweezers) [1] and even the cooling of dilute
atomic gases to extremely low temperatures [2]. One of
these light forces originates from absorption in which
the momentum carried by the field is transferred to the
particle as mechanical momentum (radiation pressure).

In this paper, we focus on another momentum transfer
mediated by electromagnetic fields that arises in a system
of two molecules that are close to each other. When an
excited molecule (donor) is nearby a ground-state mole-
cule (acceptor), the electronic excitation can be swapped
in a non-radiative way (fluorescence resonant energy or
Forster transfer, FRET). During this process, an inter-
molecular force arises that differs from the equilibrium
van der Waals interaction and is of larger range [3-5]. This
force is an example of non-equilibrium dispersion interac-
tions that have attracted quite some interest recently, both

for microscopic [5-8] and macroscopic objects [9-11]. Since
the initial state is unstable, this force F acts for a finite
time 7 that can be quite short compared to other mechani-
cal scales. As a consequence, a mechanical impulse P = Fr
is imparted to the relative motion of the donor-acceptor
complex, while the electronic excitation is transferred. Our
aim is to analyze the strength of this impulse as a func-
tion of the intermolecular separation and the donor and
acceptor spectra. Since this momentum exchange occurs
in the fluorescence resonant energy transfer, we call it the
FRET impulse.

As an application, we study the FRET impulse between
molecules embedded in a medium. The physics is related
to the photoacoustic effect due to the thermal dilation of
a medium in which molecules decay non-radiatively after
excitation with light. Photoacoustic spectroscopy has been
used to study biomolecular processes such as quantum
yields of fluorescent proteins [12], protein folding [13],
photosynthesis [14], and fluorophore-DNA binding [15].
The FRET impulse studied here provides an alternative
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mechanism for generating acoustic waves. We consider
layers of donor and acceptor molecules in an elastic film
deposited on a substrate (fig. 2). A short light pulse,
typically in the few-picosecond range, excites the donor
molecules. The buildup of the FRET force between the
donor and acceptor molecules is instantaneous on any
mechanical time scale, after which it lasts for a few
nanoseconds. As a consequence, it induces stress in the
elastic material and generates acoustic waves. This sound
can be as strong as in the conventional photoacoustic
effect, but may be differentiated in the time and frequency
domains.

This paper is organized as follows. We derive the FRET
impulse when the molecules are embedded in a spatially
inhomogeneous medium. This is followed by a detailed
analysis for the case of free space. The next section is
devoted to our proposal for generating acoustic waves from
FRET. There the dynamics of these waves, including those
due to heat deposited in the donor layer, is analyzed.

FRET impulse. — An excited donor molecule D*
is located at rp, whereas an acceptor molecule A in
the ground state is located at rp. We consider that the
molecules can be regarded as polarizable particles and
describe the interaction between them classically. A simi-
lar approach for a bulk medium is followed by Cohen and
Mukamel [7] who also showed the equivalence between
the quantum and classical pictures. The interaction due
to resonant energy transfer should not be confused with
the eigenstates of the two-atom problem (even and odd
superpositions |D*A) +|DA*), bright and dark) whose
potentials and decay rates show a very different distance
dependence. The physics here is based on: i) distinguish-
able molecules and rapid dephasing of superposition states
and ii) relatively short distances where the FRET rate
dominates, although it is of fourth order in the dipole
moments.

When the acceptor molecule interacts with an external
electric field E(r,w)e ! +c.c. oscillating with angular
frequency w, the mean free energy U(ra, w) of the molecule
is modified as

U(ra,w) = —Re[E"(ra,w) - pa(w)]. (1)

Here, pa(w) is the absorption dipole of the accep-
tor and Re[...] denotes real part. If the absorption
dipole is oriented along the (real) unit vector np, then
pa(w)=as(w)nana -E(ry,w)] with the polarizability
aa (w). The aforementioned assumptions yield

U(ra,w) = —Re[aa(w)]na - E(ra,w)|*. (2)

The acceptor molecule is driven by the electric field due
to the emission dipole pp of the donor molecule, given by

E(r,w) =G(r,rp,w)up/ fo(w), (3)

where G(r,r’,w) is the Green tensor for the medium where
the donor and acceptor molecules are embedded, and the

function fp(w) gives the emission spectrum of the donor
molecule, normalized to a unit integral over (positive)
frequencies. We mention that on average, the donor’s field
is zero because the excited state D* has no average dipole.
But its dipole and field correlation functions are non-zero
because of the excited state population, and this is what
counts for the acceptor. Summing over all frequencies gives
the total mean energy shift

U(ra,rp) :/ dwU(ra,rp,w). (4)
0
The FRET force exerted by the donor on the acceptor
becomes
(5)

This result is consistent with the non-equilibrium van der
Waals-Casimir-Polder energy between two atoms derived
in refs. [6,16]. It is worth noting that eq. (5) can have either
sign, attractive or repulsive, depending on the detuning
between the donor and acceptor spectra.

The initial state D*A with the excited donor is not
stable and decays along two pathways: D*A — DA* —
DA+ hva: the donor molecule transfers its energy to the
acceptor molecule (Forster energy transfer) and after-
wards the acceptor molecule decays; and D* — D + hvp:
the donor decays as if the acceptor molecule were absent.
The total decay rate can therefore be written as v=
vr +vp. To obtain the Forster energy transfer rate v, we
divide the electromagnetic power spectrum that A absorbs
from the donor, by the photon energy Aw. The absorbed
power being proportional to w Im[ax (w)], we get

F(I‘A,I'D) = —VrAﬁ(I‘A,I'D).

wlrarro) = 3 [ domlas (@)l ()

x|na - G(ra, rp,w)np|?, (6)
where the unit vector np gives the orientation of the
emission dipole, up = upnp. The decay rate of the donor
molecule vp in the medium can be obtained from the local
projected mode density [17]
2 2

1 (rp) = - |pp|” Im[np - G(rp, rp,wp)np],  (7)
where fwp is the electronic transition energy of the
donor molecule, and we have assumed that the frequency
dependence of the Green tensor is weak across the emission
spectrum fp(w). The total decay rate v from eqgs. (6),
(7) is consistent with a calculation of the local mode
density in the presence of the acceptor molecule [18]. We
restrict our analysis to configurations where 7=1/v is
short compared to mechanical response times. The FRET
force thus imparts a momentum to the acceptor given (on
average) by

(®)

P(ra,rp) =7(ra,rp)F(ra,rp),

and a momentum —P to the donor.

43002-p2



Acoustic waves from mechanical impulses due to FRET

F=10-3  impulse |P| (10”kg m/s)
1.0 -
Y -
0.9
> 25
2
€ 08
..g -27
©
0.7
-29
0.6
1 5 10 y

intermolecular distance R (nm)

F=10-5 impulse |P| (10" kg m/s)
1.0 - |
’ ‘ -22
[ 0.9 ‘ -24
()]
€ 08 } -26
3 28
© |
0.7 | 0
0.6 | 32
1 5 10 20 Y

intermolecular distance R (nm)

Fig. 1: (Colour on-line) FRET impulse vs. molecular distance R and detuning parameter g =wa/wp. We take the donor
spectrum peaked at a free-space wavelength 628 nm (wp =3 x 10*® rad/s), an absorption dipole pa =1.6 x 1072° Cm =4.8D
(electron charge times 1A) and set I'p =I'A =T'wp < wp. The left (right) panel correspond to relatively wide (narrow) spectra.

The gray lines illustrate the Forster radius (eq. (11)).

Case study: free space. — We analyze in more detail
the case in which donor and acceptor are embedded in
free space. Furthermore, we take the rotational average
over the orientations of both dipole moments. The donor
emission spectrum is assumed of Lorentzian shape

FD/TF
(w—wp)?+Th’

fo(w)= (9)

whereas the acceptor polarizability is

aA<w)_ |:U'A‘2/h

= 10
wA,w,ﬂ"A ( )

Here, pa is the matrix element of the absorption dipole,
wp and I'p (wa and T'y) are the central angular frequency
and spectral width of the donor emission (acceptor polar-
izability), respectively. Since the typical Forster range is
much smaller than the wavelength corresponding to wpa,
the quasi-static limit (wp AR/c <1, R=|rp —rp| is the
intermolecular distance) applies.

By considering the aforementioned assumptions, the
FRET impulse (eq. (8)) is oriented along the direction
np joining the two molecules. The frequency integrals can
be performed exactly with the method of residues, and
we neglect a small non-resonant contribution. The decay
rate becomes 1/7(R) = vpo[1 + (Ro/R)®], where ypy is the
free-space donor decay rate and the distance

6 A, pic? Fa+Tp
0 471'6077/.1.)]33 (LUA —wD)2+(FA+FD)2

(11)

may be identified with the Forster radius. Note, however,
that the usual definition of the latter considers wp =
wa and also involves the non-radiative decay of D. For
distances short enough for the decay rate 1/7 to be
dominated by the FRET process (v > 7p), we find

3h WA — WD

P(R)~ — YA WD
(B~ = I RT. 7Ty ™

(12)

where the weak distance dependence is to be noted. In the
opposite regime yr < vp (€9: vacuum permittivity),

B 3uic? (wa —wp)npg
16meqwi RT (wa —wp)?+4 (Fa +T'p)?

P(R)~ (13)
featuring a typical dispersive lineshape as function of the
detuning wa —wp between the emission and absorption
spectra. If the acceptor is red-shifted (wa <wp), the
FRET interaction is repulsive.

These results are illustrated in fig. 1, where typical
molecular parameters are considered (see caption). We
take an emission spectrum peaked in the visible range and
atomic-scale absorption and emission dipoles. At a given
distance, there are two detunings +(wa — wp )max that give
impulses with maximum modulus, as expected from the
dispersive lineshape. At these optimal values, the distance
is equal to the Forster radius Ry (eq. (11)), shown as gray
lines in fig. 1. The crossover from slow to fast decay with R
as the distance crosses the Forster radius Ry is also clearly
visible in the plots.

Finally, we comment on the order of magnitude reached
by the FRET impulse. The values one finds at short
distance (see fig. 1) and with an optimal detuning are
much larger than a single photon recoil fiwp /¢ by a factor
scaling as (Ap/R)*. They are comparable to the typi-
cal momentum of a thermal Maxwell-Boltzmann distribu-
tion, p, ~8.3x1072*kgm/s(M/10%amu)'/2(T /300 K)'/?,
where M is the molecular mass. If the molecules are bound
together, the impulse will excite their relative (vibra-
tional) motion. We discuss in the following section how
this momentum kick relaxes when donor and acceptor
molecules are embedded in a medium.

FRET and thermal acoustic waves. — We consider
that two layers, one of donor molecules and the other
of acceptor molecules, are embedded in an elastic film
and deposited on a substrate, as depicted in fig. 2. The
donor-acceptor separation R and the film thickness h
can be controlled with nanometric precision by using the
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air <

donor layer PMMA

acceptor layer A

glass

Fig. 2: (Colour on-line) Proposed experimental setup for
detecting the FRET impulse. Two layers of donor and acceptor
molecules are embedded in an elastic film. For definiteness, the
calculations are done for a PMMA (polymethylmethacrylate)
film on a glass substrate and exposed to air; the donor and
acceptor layers are placed at zp =10nm and za = 7.5 nm.

Langmuir-Blodgett technique. The donor layer is excited
by a laser pulse in a frequency band where film and accep-
tor molecules cannot absorb light. This creates a FRET
force between excited donor molecules and the acceptor
molecules, on the one hand, this force becoming a source of
acoustic waves. On the other hand, if the donor molecules
have intrinsic losses, part of the absorbed energy is trans-
formed into heat which subsequently diffuses in the film.
The thermal dilation and the time-dependent tempera-
ture gradient causes elastic stress, which also generates
acoustic waves. The question arises as to whether the
two acoustic signals are distinguished in the time and
frequency domains. We therefore solve the acoustic wave
equation

1 0%u 0O%u

Zor 02 (14)

=qr(z,t) +qu(z,t).
Here, u is the displacement, ¢ is the speed of sound in
the film, and gr and gy are the FRET and thermal
acoustic sources, respectively. Hereafter we assume that
the excitation pulse is much shorter (~ 1ps) than the
transients of u and neglect the momentum transfer from
absorption (of the order of the photon recoil).

The FRET force is modeled as a localized stress with
exponential decay over the time scale 7. Its strength is
proportional to the impulse Pr per D* A pair and the area
density of excited donors. Therefore (for ¢ > 0)

Prnp-

op OP(=t/7)[0(z —2p) = (2 — za)], (15)

qr (Z7 t) =
where §(...) is the Dirac-d function, zp (za) is the
donor (acceptor) layer position, and the other symbols are
explained in table 1. The parameters there yield a dimen-
sionless prefactor Ppnp~/(7B)~ —0.008 (7r=3.3ps) in
eq. (15), the sign indicating an attractive FRET force.
We also checked that the interfaces and films have suffi-
ciently similar electromagnetic impedances, so that the
FRET force does not significantly differ from its expres-
sion in a homogeneous medium.

Table 1: Symbols and parameter values for acousto-elastic
parameters in the system of fig. 2.

’ Parameter \ Value ‘
Film thickness h 20nm
Excited donor density np- 4nm~?
FRET impulse/pair Pr —2x1072%kgm/s
D* A complex lifetime 7 3.3-333 ps

Sound speed” é 1.591 nm/ps

Bulk elastic modulus® B 3GPa

Pulse energy/area EJA 11J/100 pm?
Transmittance T(zp) | 0.96

Heat conversion en 0.001

Density”™ p 1.185 g/cm3
Heat capacity™ Cp 1.466 J/K g
Thermal diffusivity™ « 11-1100 nm? /ns
Dilation coefficient” 6] 7Tx107°K™!

*The parameter value corresponds to PMMA.
**The typical diffusion coefficient for PMMA is o = 110nm? /ns.

To estimate the thermal stress gu(z,t), we solve for the
temperature distribution created by absorption and subse-
quent thermal diffusion. The absorbed energy density is
localized in the donor layer (see table 1) and is given by

T(ZD)g

W(z)=en "

0(z—zp). (16)
The heat capacity of the film relates this to the instan-
taneous temperature change in the donor layer, AT =
W (z)/(pcp). Consequently, the diffusion equation for the

temperature distribution 7'(z,t) becomes [19]

oT o°T

(17)
where the source amplitude is S=eunT (2p)E/(pcpA) =
5.5 Knm for the parameters given in table 1. The increase
in temperature dilates the material, giving rise to thermal
stress proportional to the temperature gradient. The
thermal source for the acoustic field is therefore
oT
The largest temperature gradients occur inside the film for
short enough times after the laser pulse. We are therefore

justified in using the solution to the diffusion equation
(eq. (17)) for an unbounded medium, that is,

T(z,t)= exp[—(z — zp)?/(4at)],

t>0. (19)

S
Varat

Combined with eq. (18), this formula provides the thermal
acoustic source in eq. (14).

We solve the wave equation (14) using Green functions.
This leads to an explicit expression for the displacement
field u(z,t) in the PMMA film, including partial reflections

43002-p4
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Fig. 3: (Colour on-line) Left: FRET acoustic waves. The displacement ur(z,t) for the top interface (PMMA-air, z=20nm)
and bottom interface (PMMA-glass, z=0nm) as a function of time. The lifetime of the D* A complex is taken as 7= 330 ps,
7=233.3ps, and 7 = 3.33 ps. The donor (acceptor) layer is at zp = 10nm (za = 7.5 nm). Middle and right: thermal acoustic waves.
The displacement u(2,t) as a function of time for a thermal diffusion constant o =11nm?/ns, 110nm?/ns, and 1100 nm? /ns,
and for z =20nm (top interface) and z =0nm (bottom interface). The insets show the long-time evolution of the displacement.

at its top and bottom interfaces. The displacement is,
obviously, a sum of two contributions of the form

6P’I'L*OO g ~
ue(z,t) = 3 an{[1 e/ 0(En)
n=0

—[1— e~/ T)0(Ean) (20)

=0
werfc [|z1 — 2| /\/40[51”} ().  (21)

The complementary error function is denoted as erfc|. . .]
and 0(t) is the unit step function. The dimensionless
amplitudes a,, involve the acoustic reflection coefficients
at the interfaces and become smaller as n increases. The
delayed times 1, (z, 21,t) (k=D, A, 1) correspond to the
arrival of acoustic rays at the observation point z at time
t from the source point zy, after multiple round trips
between the film boundaries.

The acoustic waves generated by the two types of
sources are illustrated in fig. 3. The distance between
the donor and acceptor layers is taken as R=|zp — za| =
2.5nm. For simplicity, we keep the FRET impulse per pair
Pp constant and vary the FRET lifetime 7. This would
correspond to properly chosen molecular parameters. The
displacements at the top and bottom interfaces are plotted
in fig. 3, and may be observed with differential reflectance
spectroscopy [19,20]. One observes a rapid contraction
of the film, followed by the “ringdown” of the acoustic
waves as they bounce back and forth in the film. Note the
abrupt slope changes at certain instants resulting from
the multiple reflections (roundtrip time 2 h/é = 25ps). As
the FRET impulse gets shorter, the oscillation amplitude
becomes higher (see fig. 3). This can be explained by
the higher force (stress) in eq. (15). Figure 3 also shows
that the transient oscillations are larger at the PMMA-
air interface than at the PMMA-glass interface. This is

a consequence of the disparity between the two reflection
coefficients. The impedance mismatch at the bottom and
top interfaces leads to reflection amplitudes —0.703 and
0.9996 for the sound waves there, respectively: indeed, the
acoustic impedances of PMMA and glass are comparable,
while for air it is very small. The spectrum of this acoustic
transient is shown in fig. 4(a) and discussed below.

In fig. 3, we also plot the transient sound due to thermal
stress, for different values of the thermal diffusion constant
«. For the pulse parameters of table 1, the FRET and ther-
mal stresses give roughly the same order of magnitude
of elastic displacement. This can be changed by adjust-
ing the energy and absorption cross-section of the incom-
ing pulse, of course. The typical time scale for sound
from thermal stress is of the order of the diffusion time
mH ~ h?/a =~ 360 ps—36 ns, determined by the diffusivity «
of the film. This effect is illustrated in the insets of fig. 3:
the larger «, the shorter the transient. Also we notice from
fig. 3 that the sound pattern immediately after the excita-
tion pulse is nearly independent of «, although the shapes
of the curves differ notoriously. Similar to the acoustic
waves due to FRET attraction, the displacement ampli-
tude is larger at the interface with the higher reflection
coefficient (PMMA-air), as is seen from the comparison of
the middle and right plots of fig. 3.

The normalized spectra of the FRET (thermal)
displacements |ipm)(h,v)|* at the top surface are
depicted in fig. 4. Sharp peaks occur at the frequencies
Um=mvy (m=1,3,5,..., vp=¢/(4h)), which are the
resonant frequencies of an acoustic tube with one end
open and the other closed (organ pipe). This is as
expected from the acoustic reflection amplitudes given
above. The peaks in the FRET sound spectrum decrease
as the lifetime 7 increases, except for the zero-frequency
component which is independent of 7 (see fig. 4(a)).
The thermal spectrum follows the opposite behavior:
the spectrum is practically independent of the thermal
diffusivity « with the exception of the low-frequency

43002-p5
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Fig. 4: (Colour on-line) (a) Normalized acoustic power spec-
trum due to FRET compression, |ur(h,v)|?, evaluated at the
top surface. Three different lifetimes 7 as shown. (b) Normal-
ized power spectrum due to thermal stress, |um(h,v)|?, at the
top surface. Three values for the thermal diffusivity « as shown.
Inset: spectrum at low frequencies. Each figure is normalized
with respect to the maximum value of three data series. Here
Vo = &/(4h) = 19.9 GHz.

range in which the zero-frequency component decreases
as « increases (see fig. 4(b)). Therefore, the FRET and
thermal sound exhibit distinguishable spectral features.

Conclusions. — We have provided a transparent
derivation of the non-equilibrium radiative force between
an excited (donor D*) and a ground-state (acceptor A)
molecule. The finite lifetime of D* leads to a mechanical
momentum that excites the relative motion of the D*A
complex. Its magnitude can be quite significant and its
sign depends on the frequency mismatch between the
emission and absorption spectra.

We have considered a simple photoacoustic setup with
a donor layer and an acceptor layer embedded in an elas-
tic film. An incoming short laser pulse selectively excites
the donor layer and initiates elastic stress between donor
and acceptor molecules that lasts over the duration of the
FRET process. This stress acts as a temporal source of
acoustic waves that can be measured from the displace-
ments of the film interfaces, using optical reflectance in a
pump-probe technique [19,20]. The sound waves ring down
as they leave into the substrate after multiple reflections,
similar to a piano string after it has been struck, albeit on
a time scale of a few hundred picoseconds. We have shown
that the conventional photoacoustic effect (thermal dila-
tion due to non-radiative losses) generates sound waves
whose spectra and amplitude scaling can be differentiated
from the “FRET sound”. In particular, the duration of
this wave source is governed by thermal diffusion in the
film, whereas its amplitude can be controlled by modify-
ing the energy and cross-section of the incident pulse. The
FRET sound therefore provides a donor-acceptor specific
opto-mechanical transducer that may enlarge the current
capabilities of photoacoustic spectroscopy in the study of
biological processes (e.g., protein folding).

It would be interesting to extend this analysis to the
FRET force that acts after the first impulse, once
the acceptor molecule is excited: since the detuning of

the spectra is reversed, the pair DA* gets an impulse of
opposite sign. There are good reasons, however, for the
impulses to have different magnitudes: the emission spec-
trum is shifted, donor and acceptor lifetimes differ, and
the absorption and emission dipoles may have different
orientations, even on the same molecule.
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