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Ultrafast Dynamics of Shock Waves in Polymers and Proteins: The Energy Landscape
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A 4.5 GPa shock pulse producing a cycle of compression heating�,25 ps� and expansion cooling
��1.5 ns� is used to study fast mechanical dynamics of solid organic polymers and proteins. Coherent
Raman spectroscopy of a dye in the sample shows that compression occurs by an instantaneous pa
followed by a second,�300 ps, structural relaxation process. After expansion, a mechanically distorted
structure is produced which does not relax on the,15 ns time scale. The results are interpreted with
an energy landscape model.

PACS numbers: 61.41.+e, 62.50.+p, 78.47.+p, 87.15.He
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In this paper we use the nanoshock spectroscopy t
nique [1] to investigate the microscopic response of
ganic polymers and proteins, subjected to a cycle
shock compression heating followed by expansion co
ing, which produces ultrafast large amplitude structu
dynamics. The results are interpreted with an ene
landscape model.

The nanoshock [1] is a shock pulse with a duration
about 1 ns. The peak pressure is4.5�60.5� GPa. The
rise time is,25 ps. The pressure relaxes in a few ns.
a typical organic polymer [e.g., polymethylmethacryla
(PMMA)], shock volume compression is�20%, the
shock velocity is�4 km�s, and the temperature rise
�125 K [2,3]. A microscopic understanding of fast larg
amplitude dynamics of materials helps extend curr
models beyond linear response, and might be relevan
practical problems such as impact resistance of polym
or biological effects of shock waves generated in puls
laser surgery or lithotripsy.

Structural relaxation of amorphous materials is u
ally treated in the context of potential energy landsca
theories [4]. Relaxation response functions have b
measured for weak external mechanical, acoustic, ele
cal, thermal, and optical perturbations which result fro
transitions between local energy minima [4,5]. Sho
waves allow us to study fast structural evolution proces
in the higher energy regions of the landscape difficult
impossible to access by conventional techniques.

Figure 1 diagrams the energy landscape model
shock waves in amorphous materials. First consider
effects of slow, reversible isothermal compression or
pansion [Figs. 1(a) and 1(b)]. This problem has be
treated recently in the context of molecular dynam
simulations of glasses [6,7]. With reversible compre
sion, the ambient landscape’s total potential energy
increased by an amount equal to the work done on the
tem. The additional potential energy is distributed amo
atom pairs in a complicated way which changes the en
topography [6,7], created a new “compressed landsca
whose local minima represent quite different structu
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ch-
r-
of
l-

al
gy

of

n
e

nt
to
rs

ed

u-
pe
en
tri-

k
es
or

or
he
x-
n
s

s-
is
ys-
g

ire
e,”
s

from the corresponding ambient landscape. The glob
minima of compressed landscapes are displaced from
ambient landscapes, because compression favors confi
rational coordinates which increase the density. Slow r
versible compression or expansion is a gradual evoluti
from the lower energy region of one landscape to anoth

Instantaneous shock compression (a limiting case) ad
extra kinetic energy to every atom and pushes every p
closer together. There is no time to surmount the bar
ers which separate adjacent local minima, so conform
tional coordinates are initially unchanged by fast shoc
compression. Shock compression may be viewed as
vertical transition from the initial landscape to a com-
pressed landscape, as in Fig. 1(c). This view of sho
compression of amorphous materials as a vertical tran
tion between landscapes is novel. The vertical transiti

FIG. 1. Energy landscape model. (a), (b) Slow compressi
and expansion represent a gradual evolution of the landsca
(c), (d) Instantaneous compression and expansion are vert
transitions between ambient and compressed landscapes,
lowed by a period of structural relaxation. A real expansion
not instantaneous and should be described by the tilted arr
in (d).
© 1999 The American Physical Society
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between landscapes is reminiscent of and analogous to
the Born-Oppenheimer principle for electronic transitions.
The fundamental basis for this view is the separation of
time scales between vibrational dynamics and structural
dynamics.

An instantaneous expansion (another limiting case), as
in Fig. 1(d), may similarly be viewed as a vertical transi-
tion downward from the compressed landscape to the am-
bient landscape. Expansion shock fronts cannot be truly
instantaneous; otherwise a fast spontaneous entropy de-
crease would result [8]. Therefore an absolutely vertical
downward transition cannot occur. Real shock unloading
is better described by the dashed arrow in Fig. 1(d), which
tilts toward the global minimum.

In the shock energy landscape model, a cycle of
nanoshock compression heating and expansion cooling
is understood as follows. After instantaneous shock
compression, the system configuration is unfavorable,
resulting in structural relaxation over barriers on the com-
pressed landscape toward the lowest states [Fig. 1(c)], to
maximize the density. This structural relaxation is analo-
gous to internal conversion which causes the Stokes’ shift
of fluorescent molecules. A subsequent fast expansion to
the ambient landscape will then result in a second struc-
tural relaxation, as in Fig. 1(d). The strain energy tem-
porarily stored after the expansion would be maximized
by a nanoshock cycle which holds the shock pressure long
enough for complete relaxation on the compressed land-
scape, followed by the fastest possible unloading process.

Experiments were performed on PMMA (average
molecular weight 106), polyvinyl alcohol (PVA, average
molecular weight 1.5 3 105, 99% hydrolyzed), and bovine
serum albumin (BSA). The BSA film is a crude model
for a dry biological tissue such as skin. The nanoshock
technique and the laser apparatus have been discussed
previously [1,9,10]. A schematic of the experiment is
shown in Fig. 2. A near-IR laser pulse (1.053 mm, 80 ps,
0.3 mJ, 100 mm diameter) ablates a 2 mm thick shock
layer which is doped with a near-IR dye, launching a
shock through a 5 mm thick PVA buffer layer into a
sample layer coated on a glass substrate. The sample is
impacted by a tiny ram driven out of the buffer layer at a
velocity of �0.6 km�s. Because of shock reflection from
the glass, the sample experiences a two-stage shock [9]
to a final pressure of 4.5 GPa. The surface of the ram is
curved due to the Gaussian profile of the shock pulse. The
probe pulses interrogate a region of �20 mm in diameter
at the center of the �100 mm diameter nanoshock [9].
In this central region, the pressure and velocity at the
nanoshock front remain constant for several nanoseconds
[1,9,10], showing we are observing compression by an
approximately planar shock front.

The time resolution is approximately the shock round-
trip time through the sample [1]. For 0.1 to 0.2 mm
thick samples, the time resolution is 50–100 ps. To
probe such a thin layer, a sensitive technique has been
FIG. 2. Top: Schematic of experiment. Ablation induced
by a near-IR pulse drives a tiny ram into the sample.
Subsequent mechanical dynamics are probed by resonance
CARS spectroscopy. Bottom: Resonance CARS spectrum of
R640 dye in PMMA. Inset: The most intense vibrational
transition is fit by a Lorentzian function (solid curve).

developed using resonance coherent anti-Stokes Raman
spectroscopy (CARS) of a dye in the sample. After shock
layer ablation �1.2 ns after the near-IR pulse, broadband
multiplex CARS spectra are obtained [10]. One pulse at
�595 nm has a narrow spectral bandwidth ��1.5 cm21�
which determines the spectral resolution. The second
pulse (640–660 nm) has a broad bandwidth (�350 cm21

FWHM), which determines the width of the probed
spectral region. Each spectrum is the result of signal
averaging �8000 laser shots. While signal averaging, the
sample is translated on a motorized positioner so every
laser shot hits a fresh target.

Recipes for most of the layers have been published
previously [1]. The PMMA samples were prepared by
spin coating a ketone solution of PMMA with rhodamine
640 (R640). The PVA samples were prepared from
aqueous solution with water-soluble sulforhodamine 640
(sR640), which is similar to R640. The BSA samples
were prepared by spinning at 600 rpm for 25 s a solution
of 300 mg of BSA (Sigma) and 6 mg of sR640 in
5 ml of phosphate buffer � pH � 7�. A polycrystalline
sample of pure sR640 was prepared by spraying an
aerosol solution of sR640 in methanol:dichloromethane on
the glass substrate. Sample thicknesses were measured
with a Dektak profilometer. The polymer samples were
smooth and 0.1 0.2 mm thick. The protein sample was
�0.3 mm thick and irregular. The dye crystal layer was
,0.1 mm thick and irregular.

Representative CARS spectra are shown in Fig. 2.
When the shock arrives, the dye’s electronic transitions
are pressure tuned away from resonance, and the CARS in-
tensity drops suddenly. The shock shifts and broadens the
dye’s vibrational transitions. The most intense transition
5035
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at �1480 cm21 is used as a probe of local structural dy-
namics, in the same way that time-dependent dye spectra
are used to probe structural evolution in polymers and
glasses [11], or solvation dynamics of liquids and glasses
[12,13]. A computer program fits the �1480 cm21

transition to a Lorentzian line shape function. Typical
fits are shown in the Fig. 2 inset. Because the line shapes
consist of �50 points spaced at 0.8 cm21 intervals, peak
shifts of �1 cm21 can be accurately determined.

Figure 3 shows results for PMMA with a 4.5 GPa
shock. The shock front arrives at the PMMA at about
1.2 ns, relative to the arrival of the near-IR pulse at the
target. A sudden drop in CARS intensity [Fig. 3(a)], a
sudden vibrational blueshift due to the density increase
[Fig. 3(b)], and a sudden broadening [Fig. 3(c)] are seen.
The broadening is attributed to the temperature increase,
although a partial contribution from a small transverse
pressure gradient in the probed region cannot be ruled
out. The intensity, shift, and width recover over the next
few ns as the nanoshock unloads. The shift becomes
frozen at �2 cm21 to the red of its original position,
and the width returns to its original value. The intensity
decrease for t . 5 ns is seen in all of our experiments,
and is not associated with sample dynamics. It results
from laser beam deflection away from the entrance slit,
which is visible by eye, apparently caused by compression
and expansion of the buffer layer. The frozen �2 cm21

redshift indicates that the nanoshock produced a long-
lasting �.20 ns� change in the local structure near the dye.
The return of the width to its original value indicates that
the nanoshock did not produce a broad spread of structural
environments.

FIG. 3. Data for the �1480 cm21 R640 vibrational transition
in PMMA with a 4.5 GPa nanoshock. (a) CARS intensity.
The intensity change for t . 5 ns is due to shock-induced
beam deflection in the buffer layer. (b) Frequency shift.
(c) Linewidth.
5036
In our experiments, the dye responds to a sudden change
in the local density of the surrounding solid. To charac-
terize the spectral relaxation, a response function C�t� is
defined, suggested by Berg’s work on nonpolar solvation
in supercooled liquids [12],

C�t 2 tarr� �
q�t 2 tarr � 2 qpk

jq�0� 2 qpkj
, (1)

where q may represent either the CARS intensity or the
vibrational frequency, tarr is the arrival time of the shock
front at the entry face of the sample, q�0� is the value of q
before the shock arrives, and qpk is the value of q at the
time of maximum shock loading. The intensity response
function C�t� for a thin layer of polycrystalline sR640 dye
is shown in Fig. 4(a). The dye crystal shock response is
instantaneous; the sharp drop in C�t� [90%–10% drop in
110�610� ps] is limited solely by the shock round trip in
the sample layer. The intensity response function C�t� for
dye in PMMA [Fig. 4(a)] has a two-part structure. There
is an instantaneous drop as in the dye crystals, followed
by a slower decay lasting �300 ps. This slower decay
is never observed in crystals, only in polymers and pro-
teins. Figure 4(b) compares vibrational shift correlation
functions for three different samples. We prefer to con-
centrate on the vibrational shift because it avoids compli-
cations involving the simultaneous pressure tuning of four
electronic resonances, but we are able to measure only the
intensity change for the dye crystals [14]. The faster and

FIG. 4. (a) Intensity response functions for sR640 dye crystals
and dye in PMMA. The crystals show an instantaneous
response to compression, limited by shock transit time through
the sample. In PMMA, there is also a slower part lasting
�300 ps, associated with structural relaxation induced by fast
compression. (b) The vibrational frequency response function
for PMMA, PVA, and BSA protein. The same structural
relaxation process is seen in both polymers and the protein.
The response function starts to turn up at �2.0 ns as the
nanoshock starts to unload.



VOLUME 83, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 13 DECEMBER 1999
slower parts of the intensity and shift functions have the
same time dependence as the intensity data, but the relative
amplitudes are slightly different. Figure 4(b) shows an es-
sentially identical two-part shock response is observed for
PMMA, PVA, and the BSA protein. The slower decay is
a frequency shift of �5 cm21, and it can be fit in all cases
to an exponential with a 150 ps time constant. The de-
tails of the fitting, which convolves the exponential with
the 110 ps instantaneous part will be discussed later [14].
The exponential does not preclude the possibility of a non-
exponential decay, since we measure the decay only over
a narrow time window. After �2.0 ns, C�t� turns back up
as the nanoshock starts to decay [Figs. 3(b) and 4(b)].

Two other features of the response function in amor-
phous solids should be mentioned. The fast part be-
comes systematically slower as the sample thickness is
increased, proving it is limited by the shock transit time.
The �300 ps time scale process becomes systematically
slower as the shock pressure is decreased from �5 to
�2.5 GPa. These results will be discussed more subse-
quently [14].

The dye frequency blueshift is roughly proportional
to the local density increase [15], which ought to be
roughly proportional to the distance from the global mini-
mum. After instantaneous shock compression, we see fast
structural relaxation on the compressed landscape lasting
�300 ps. A dye frequency blueshift of �5 cm21 is asso-
ciated with this relaxation. A 4.5 GPa shock produces
an ultimate density increase of �20% in PMMA, and
the corresponding dye frequency blueshift is �10 cm21

[Fig. 3(b)]. Thus there is a great deal of fast structural
relaxation on the compressed landscape, involving a to-
tal local density increase of �10%. If the fast expansion
caused by nanoshock unloading were instantaneous, the
model in Fig. 1(d) shows a vertical transition to the ambi-
ent landscape would produce in that case a dye vibrational
frequency �5 cm21 to the red of the original frequency,
i.e., a 5 cm21 redshift. The experimental value is a
2 cm21 redshift [Fig. 3(b)]. Evidently some structural re-
laxation must occur during unloading, so that the unload-
ing path follows the tilted arrow in Fig. 1(d). However,
no subsequent structural relaxation occurs on the ambi-
ent landscape, at least the 15 ns time scale, The rate of
going over barriers on a landscape is A�h� exp�2DE�kT �,
where DE is the barrier height, and A�h� is a preexponen-
tial factor that depends on the shear viscosity h [5]. Slow
structural relaxation on the ambient landscape is under-
stood as arising from the very large viscosity of PMMA
below the glass-transition temperature of �100 ±C. The
very fast structural relaxation seen on the compressed
landscape suggests a shock-induced shear viscosity de-
crease of many orders of magnitude. This very great vis-
cosity drop under shock conditions is consistent with the
very few existing determinations of shock viscosities [16].
We have observed fast structural relaxation in two solid
organic polymers and one solid biopolymer, induced by
ultrafast shock wave compression. An energy landscape
model is introduced, which describes shock compression
as a vertical transition between an ambient and a com-
pressed landscape. The model explains the fast relaxation
seen after compression, and shows how a nanoshock cycle
can create amorphous solids which are temporarily stuck
in local minima high up the ambient landscape, represent-
ing kinetically frozen states at ambient pressure with large
amplitude mechanical distortions.
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