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The importance of sub-nanosecond relaxations on
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This manuscript explores the importance of the collective, many atom relaxations that occur in cross-

linked glassy polymer networks on the picosecond to nanosecond time scale on the mechanical

toughness of these materials under ballistic rates of deformation. The relevant strain rates that are

generated during ballistic impact events can readily exceed 106 s�1 and our premise is that a strong

population of relaxation mechanisms faster than the time scale of deformation are important to

dissipate energy during impact. Our study focuses on a broad range of cross-linked networks, including

several different epoxy resins with variations in their network chemistries and a norbornyl-based network

cross-linked by ring opening methathesis polymerization. The glass transition temperatures across this

series of networks varies by nearly 200 K, leading to wide variations in the materials ballistic impact

resistance. The ballistic impact resistance of these cross-linked networks in the glassy state are

characterized by variable temperature ballistic gas gun tests while the temperature dependent relaxation

dynamics in the nanosecond to picosecond regime are quantified by inelastic and quasielastic neutron

scattering. We observe striking similarities between temperature dependent ductile-to-brittle transitions

in these materials from the ballistic impact tests and the thermal activation of the collective relaxations

on a timescale of 1 to 2 ps, suggesting that activating these relaxations are important for ballistic

resistance. Furthermore, we explore the ratio of the collective relaxations on the picosecond time scale

to all of the sub-picosecond collective vibrations, that includes the Boson Peak, seems to indicate that

the ability of a glass to parlay soft, collective many-atom vibrations into collective relaxations is a key

indicator of ballistic impact resistance. The nature and origins of these dynamics correlations are

discussed in detail, including some of their potential limitations.
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Introduction

Thermoset or cross-linked polymer networks are widely used as
the binders in polymer matrix composites. The reactive mono-
mers generally have low viscosity and can be readily infused
into a network of stiff, high-strength fibers or inorganic filler
particles and then thermally cross-linked around the fillers to
create a polymer matrix composite. One of the most widely
utilized strategies in polymer matrix composites is to combine
thermosetting epoxy resins with high strength carbon fibers to
realize high-strength, light-weight systems. Carbon fiber-epoxy
composites are increasingly used in a range of commercial and
military applications related to buildings and construction,
transportation and vehicles, aerospace, athletics, and protective
equipment. In many of these applications, it is desirable to
have the composite maintain its performance over a wide range
of temperatures, extending from the deeply sub-ambient to
temperatures that can exceed 200 1C. One of the most impor-
tant properties for a structural composite material is mechan-
ical toughness. Retaining toughness across such a broad
temperature range is a challenge for most epoxy resins. Lower
Tg epoxy formulations that offer toughness under ambient
conditions often become embrittled at sub-ambient tempera-
tures. High Tg epoxy formulations that offer strength and
thermal stability unfortunately tend to be brittle and lead to
poor fracture resistance of the resulting composite. This lack of
toughness becomes especially problematic at the ultra-high
rates of deformation that are associated with ballistic impacts.

Over the past decade, several studies have focused on quanti-
fying the level of energy dissipation in a wide range of cross-
linked thermoset network polymers under ballistic impact con-
ditions across an extreme range of temperatures.1–8 These studies
have mostly focused on the neat resin, without fibers or fillers, to
develop a molecular understanding of what gives rise to energy
dissipation, and therefore toughness, at the rates of deformation
that are relevant for ballistics, i.e., strain rates in excess of 106 s�1.
The ability of an epoxy formulation to dissipate energy at these
ballistic rates is operationally defined by making multiple panels
of the same material and shooting identical projectiles, each at a
fresh panel, with increasing incident velocities until the point at
which 50% of the panels are penetrated by the projectile. This
critical velocity is defined as V50. By knowing the mass of the
projectile and V50, one can define KE50 as the ballistic impact
resistance, the kinetic energy of a projectile needed to penetrate
50% of the panels. KE50 is an operationally defined performance
metric relevant to ballistic impact resistance, but not a true
measurement energy dissipation or material toughness.

This manuscript focuses on the mechanisms that dissipate
energy and contribute to the toughness of cross-linked thermo-
set glasses. For decades it has been appreciated that relaxations
in the glassy state are important for mechanical toughness in
polymers, i.e., that having an active mechanical relaxation is
important for energy dissipation.9–12 Seminal works by Boyce,
using a variety of impact testing configurations that push the
deformation rates into the sub-ballistic regime (strain rates
nominally up 104 s�1) have shown that when the rate of

mechanical deformation exceeds the characteristic relaxation
time of the sub-Tg relaxation (often called the b relaxation) in
the polymer glass, the stiffness and yield strength of the
material goes up.13–15 The interpretation is that when you
deactivate the energy dissipation mechanism by not giving
the material enough time to respond to the impulse, the glass
becomes stiffer but also more brittle. However, there is still a
disparity between the time and length scales of the molecular
mechanisms that dissipate energy under ballistic rates of
deformation, in excess of 106 s�1, and the characterization
techniques that are used to quantify the relevant relaxations.
As a general statement, we still cannot predict the ballistic
response of glassy polymers from our current knowledge of
polymer relaxations.

We recently initiated an effort to close this gap by exploring
correlations between the level of anharmonicity in the atomic
mean square displacement, hu2iexcess, of polymer glasses as
quantified by incoherent neutron scattering and their corres-
ponding toughness.16 Across a homologous series of polycarbo-
nates (PCs) with systematic variations in their toughness, we
observed a strong correlation between hu2iexcess and the quasi-
static impact strength. Our assertion was that the large ‘‘excess’’
mean-square atomic displacements measured in the tough PCs,
reflecting collective molecular relaxations on the sub-ns time-
scale, are the signature of incipient dissipative relaxations. How-
ever, these measurements based on a Debye–Waller analysis of
the elastic incoherent neutron scattering intensities did not
precisely resolve the timescale of the motions, beyond identifying
that they were faster than the approximately 1 ns resolution of the
spectrometer. In a second manuscript,17 we quantified the full
energy spectra of the scattered neutrons to better define the
dynamical processes and relevant time scales that underpin these
observed motions in the quiescent glass. These measurements
were performed as a function of temperature (T) from deep in the
glassy state to well above room T, traversing the brittle-to-ductile
transition (BDT) of a tough PC glass. We observed that the onset
of nonlinear anharmonic fluctuations as quantified by hu2iexcess

(relative to the low T harmonic vibrations that contribute to an
increase of hu2i that evolves linearly with T) coincides with the
emergence of a relaxation process with a characteristic time scale
of t E 3 ps that starts to dominate the QENS spectra. This is the
typical order of magnitude for the fast beta relaxation time that is
seen in neutron scattering.19,20 The onset of this relaxation
coincided with the BDT temperature, suggesting that many-
atom, collective relaxations underpin macroscopic toughness.
In our previous publication, we estimated that the size of these
collective motions was on the order of (5 to 20) nm3, and noted
these dimensions were on par with the activation volume of
yielding in typical polymer glasses.17

With respect to our goal to develop a general understanding
of the ballistic impact resistance in polymer glasses, the study
here contains two important extensions from our previous
publications on correlating quasielastic neutron scattering with
mechanical properties. First, our previous studies focused
primarily on a homologous series of PCs with different mod-
ifications, either through copolymerization schemes or small
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molecule additives; we have yet to establish the validity of these
correlations across a broader range of polymer glasses. This was
partially addressed in a third paper where we established the
importance of the amplitude of the ps relaxations on the tough-
ness in a series of polynorbornylene copolymers with systematic
variations in the level of intermolecular hydrogen bonding; more
hydrogen bonding decreased the molecular fluctuations and
decreased the quasistatic fracture toughness.21 The second
advance presented here is that all of our correlations with
anharmonic collective relaxations and toughness have been
under quasi-static mechanical testing conditions (notched Izod
impact strength, three point bend KIC tests); we have not
extended these studies to true ballistic impact conditions.

In the current manuscript we make the critical leap to
address these shortcomings by extending our studies to a broad
series of cross-linked network systems that have been studied
extensively in terms of the temperature dependence of their KE50

ballistic response. This includes a series of diglycidyl ether of
bisphenol A (DGEBA) epoxies cured with flexible polyetheramine
cross-linkers with variations their molecular mass (the classic
Jeffamine series D230, D400, and D2000 where n is approximately
2.5, 6.1 and 33, respectively) or the relatively stiff 4,40-diamino-
dicyclohexylmethane (PACM) diamine cross-linking agent. We
also include in our comparison the well-studied, ring opening
metathesis polymerization (ROMP) network polydicyclopenta-
diene (pDCPD). The chemical structures of these cross-linked
networks are shown in Fig. 1 and the synthetic details of how the
networks are prepared are documented elsewhere.5,6 Several of
the relevant materials properties, including Tg, density, molecular
mass between cross-links, storage modulus and quasi-static
toughness (values previously reported elsewhere1–3,5,6,18) are
reproduced in Table 1. In the current manuscript, we map both

inelastic neutron scattering (INS) hu2iexcess measurements and
QENS measurements onto the KE50 values over a wide range of
temperatures to further explore potential connections between
fast, sub-ns relaxations and ballistic impact resistance in a broad
range of materials.

The time and length scales of these fast relaxations are
quantified using the INS and QENS facilities at both the NIST
Center for Neutron Research (NCNR) and the Japanese Research
Reactor 3 (JRR3). As in our previous work, fixed-window elastic
scans on the High Flux Backscattering Spectrometer22 (HFBS) at
the NCNR are used to quantify hu2iexcess as a function of T.
These INS measurements are complimented by QENS measure-
ments performed on the Angle Focusing Cold Neutron
Spectrometer23,24 (AGNES) at JRR3 to characterize the timescale
of these relaxational processes in the ps to ns range. Our
hypothesis is that this time window is critical because it
represents the first signs of when the fast-optical modes that
are readily visible in infrared or Raman spectroscopy, reflecting
local bond vibrations, rotations, and fluctuations on the fs time

Fig. 1 Schematic chemical structures of the different glassy polymer networks studied here. For the epoxy networks, the DGEBA epoxy monomer is
thermally cross-linked with stoichiometric amounts of either the flexible D230, D400, D2000 Jeffaminet diamines or the rigid PACM diamine. For the
ROMP network, the DCPD monomer is cross-linked into a pDCPD network using a first generation (G1) Grubbs catalyst.

Table 1 A summary of some of the key materials of the polymer networks
studied here. These include the calorimetric glass transition temperature
(Tg), room temperature density (rRT), average molecular mass between
cross-links (Mc,a), room temperature Young’s storage modulus (E0RT) and
the room temperature quasistatic fracture toughness (K1C RT). The values
and uncertainty of these data have all been published previously1–3,5,6,18

Material
Tg

(K)
rRT

(g cm�3)
Mc,a

(g mol�1) E0RT (MPa)
K1C RT

(MPa m0.5)

PACM 437 1.158 � 0.003 370 � 20 2470 � 120 0.69 � 0.08
pDCPD 415 1.041 � 0.003 670 � 40 1702 � 100 2.19 � 0.20
D230 369 1.156 � 0.003 550 � 30 2750 � 110 0.76 � 0.08
D400 328 1.161 � 0.003 820 � 80 2500 � 150 1.48 � 0.20
D2000 245 1.160 � 0.003 4013 � 195 o5 NA
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scale, start to dynamically couple and give rise to collective
motions across 100 s to 1000 s of atoms. The key assertion of our
work is that with time scales in the ps to ns range, these motions
are sufficiently fast to be active during a ballistic impact event
that is characterized by ms time scales and should therefore still
be able to dissipate energy.

Experimental†

The epoxy formulations were prepared as mixtures of the
desired substituents with a molar ratio of amines to epoxies
of 1 to 2, respectively. In general, the reactants were weighed
out into a disposable beaker and hand-mixed at room tempera-
ture for 5 min until a homogenous mixture was obtained. This
mixture was then sonicated for 15 min to remove trapped gases
and bubbles in the viscous solution. The solution was then
poured into a mold (152 mm � 152 mm � 0.2 mm) with a
thickness adequate to minimize multiple neutron scattering
events. The general curing procedure was accomplished using a
programmable vacuum oven equipped with a nitrogen inlet.
The chamber was constantly purged with nitrogen to ensure an
inert atmosphere. The cure schedule was: 4 h isothermal at
25 1C, 30 min temperature ramp from 25 1C to 100 1C, 4 h
isothermal at 100 1C, 30 min temperature ramp from 100 1C to
200 1C, 6 h isothermal at 200 1C. After the final isothermal step,
the oven was turned off and the contents cooled to room
temperature over several hours.

Dicyclopentadiene (DCPD) was first melted in an oven at
50 1C, then mixed with 3 mol% of ethylidene norbornene (ENB)
to depress the melting point. Then, 5 mmol of triphenylphosphine
was added to the DCPD/ENB solution. In a separate container, 2nd
generation Grubb’s catalyst was dissolved in 1,2-dichloroethane to
create a 100 mg mL�1 solution. Then, 0.025 mmol of the Grubb’s
solution was added to the DCPD solution and partially submerged
in a sonication bath for 30 s. The sonicated solution was poured
into a mold lined with aluminum foil and cured in a vacuum oven
(Yamato ADP 21) under flowing N2 for 2 h at 50 1C, then 1 h at
140 1C. The cured pDCPD film was approximately 200 mm thick.

Measurements of the ballistic performance were carried out
as described in previous studies.6 In short, a gas gun at room
temperature (approximately 22 1C), with a relative humidity
between 45% and 60%, was used with a 5.56 mm diameter steel
ball bearing (Type 302, 0.69 g) to impact the target. The projectile
speed was tracked with a Doppler radar (BR-3502, Infinition Inc.),
with a velocity resolution of 1 m s�1. The polymer target was
oriented such that the projectile impacted the target normal to
the sample surface. A witness plate (0.05 mm thick 2024-T3
aluminum foil) was placed 50 mm behind the target. The witness
plate was examined for penetration after each shot, with any
perforation of the witness plate indicating sample failure. For

each epoxy composition investigated, 12 targets were shot. The
V50 ballistic performance was calculated by taking the arithmetic
mean of the three highest non-penetrating and the three lowest
penetrating impact velocities on the witness plate. In this way,
the V50 refers to the velocity required for a penetration probability
of 50%. From these velocities, the kinetic energy at a failure
probability of 0.5 (KE50) is then calculated. All reported KE50s are
normalized by the KE50 of DGEBA/PACM. Further details are
provided elsewhere.6

The elastic incoherent neutron scattering experiments were
performed at the NCNR on the HFBS, located on the NG2
beamline. The polymer films, each approximately 0.2 mm thick,
were rolled into the annular sample cans for the instrument and
measured under vacuum. The HFBS spectrometer utilizes cold
neutrons with a wavelength of 6.271 Å and probes motion over a
reciprocal-space range of 0.25 Å�1 o Q o 1.75 Å�1, where Q is the
magnitude of the momentum transfer vector, corresponding to
real space length scales 2p/Q, or approximately 3.6 Å to 25 Å. The
HFBS spectrometer was operated in the ‘‘fixed window mode’’
where the elastic incoherent scattered intensity is measured as a
function of Q and T. The 0.8 meV FWHM energy resolution of
HFBS spectrometer means motions slower than approximately
200 MHz appear as static and contribute to the elastic scattering.
In this mode, the sample was ramped from approximately 30 K to
above well above Tg at a heating rate of 1 K min�1. For elastic
incoherent scattering, the Q-dependence of the elastic scattering
at each T is approximated with the Debye–Waller factor:

Iinc;elastic Qð Þ / exp �1
3
Q2 u2
� �� �

Within this model, based on a harmonic oscillator, the slope of
ln Iinc,elastic(Q) versus Q2 is proportional to hu2i. It is important to
realize that the magnitude of hu2i depends upon the Q range over
which the fits are performed. Here we report the linear fits from
the low Q region (detectors 1 to 8, Q = 0.25 Å�1 to 0.87 Å�1) which
is consistent with our previous reports of hu2i on polycarbonate
materials using the HFBS spectrometer.16,25,26

The QENS experiments were performed on the AGNES
spectrometer, owned by the ISSP, University of Tokyo, at JRR3
to characterize the quasi-elastic broadening and full inelastic
spectra as a function of T (approximately 4 to 7 temperatures
per sample, depending on the material) between 100 K and just
below the Tg of each material. The AGNES spectrometer was
operated in high-resolution mode, significantly sacrificing neu-
tron flux for better energy resolution around the elastic peak. In
this mode the elastic resolution is approximately 49 meV FWHM,
accessing a total energy range of approximately (�10 to 1.5) meV.
At these settings, the spectrometer is nominally sensitive to
motions in the (1 to 100) ps range. Initial attempts to establish
a robust Q dependence of the motion proved to be too time
consuming, so we opted to average the spectra together across
the 0.15 Å�1 o Q o 2.1 Å�1 range of the spectrometer. With the
binning of the different Q’s, this corresponded to an average
value of Qave = 1.30 Å�1 and adequate statistics of the QENS
spectra could be obtained in approximately 8 h. The resolution
function of the instrument was obtained by cooling either the

† Certain commercial products or company names are identified here to describe
our study adequately. Such identification is not intended to imply recommenda-
tion or endorsement by the National Institute of Standards and Technology, nor
is it intended to imply that the products or names identified are necessarily the
best available for the purpose.
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D400 or the PACM sample (different materials were run during
different beam times) to 4 K where all motions can be considered
frozen and collecting a full QENS spectra. The data from both
spectrometers were normalized to a vanadium standard and
the spectra were fit using the DAVE software package.27 The
uncertainties reported in fit parameters represent one standard
deviation in the fitted values.

The QENS spectra from the AGNES spectrometer were fit in
the energy range from �0.5 meV and 6 meV, selected to capture
the Boson Peak and quasi-elastic broadening while avoiding
excessive noise in the negative energy exchange regime. The
resolution function for the spectrometer (Sres(Q,E)) was deter-
mined by convoluting one of the 4 K spectra (sufficiently low
that all motion is frozen) with a delta function and fitting the
strong elastic peak of each of the higher T spectra. An addi-
tional flat background ((Sbkg(Q,E)) – line with a slope of zero)
was added with its amplitude arbitrarily adjusted to match the
scattering intensity at �6 meV. The remaining features of the
QENS spectra could be adequately fit by introducing a log normal
to capture the Boson Peak, centered in the (1 to 2) meV regime of
the spectra, and a narrow Lorentzian to capture the quasi-elastic
broadening around the strong elastic peak. The log normal
distribution function is defined as:

Slog-normal Q;Eð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2ps2
p 1

Ej j exp
� ln Ej j � mð Þ2

2s2

 !

where m and s are the center and width of the asymmetric
distribution. This empirical model does not invoke any other
physics than an asymmetric distribution. The energy of the peak
maximum or mode is defined through the relationship Epeak =
exp(m � s2). The Lorentzian distribution is defined as:

SLorentzian Q;Eð Þ ¼ 1

p
G

G2 þ E2

where G is the half width half maximum of the peak centered
around zero. In both functions, E is the energy axis of the
scattering. The resulting final fit is the sum of these four
components:

Sfit(Q,E) = Sresolution(Q,E) + Sbkg(Q,E) + Slog-normal(Q,E) + SLorentzian(Q,E).

Low-frequency Raman spectroscopy measurements were con-
ducted by 1801 backscattering using a microscope equipped
with a 100� long working distance objective. A 514.5 nm Ar+

laser provided the excitation source, and the power of the
impinging light was kept at approximately 1.0 mW by employ-
ing neutral density filters. The sample was mounted in a liquid
nitrogen-cooled microcryostat and spectra were collected
beginning at 100 K and then raising the temperature by
increments between 10 K and 50 K. The scattered light was
directed to a triple-grating (1800 grooves per mm) spectrometer
equipped with a charge couple device (CCD) detector, which
allowed for the measurement of scattering energies as low as
0.6 meV with a resolution of 0.084 meV. The typical collection
time was 300 s.

Low-frequency Raman (LFR) spectra were truncated at 0.62 meV
(5 cm�1) to avoid the Rayleigh line (elastic scattering) based on

the spectrum of the empty sample holder acquired at room
temperature. The spectra cover both the ‘‘structural’’ region
(t20 meV) and the beginning of the ‘‘fingerprint’’ or ‘‘chemical’’
region (\20 meV).28 The transition between the two is character-
ized by a precipitous drop in intensity between B10 meV to
B20 meV. The polymer dynamics relevant to this work are
reflected in the structural region. The background for each
spectrum was constructed using an empirical quadratic fit
between B30 meV and B75 meV. Following background sub-
traction, the measured intensity I(E) was scaled by the Bose factor
n(E, T) = [exp(E/kT) � 1]�1, where E is the Raman shift, kB is the
Boltzmann constant, and T is the absolute temperature of the
sample, to facilitate comparisons across the broad temperature
range employed herein. The Bose scaled intensity is given by:

IBose(E) = I(E)/[n(E, T) + 1] = I(E)[1 � exp(�E/kBT)].

To better understand the origins of the unusually high hu2i
values in the PACM network, all-atom molecular dynamics
(MD) simulations from a previous study focused on the density
of the PACM networks as a function of the degree of cross-
linking were used as starting configurations for our analyses
here.29 In this previous study, the networks were modeled with
the DREIDING-UT force field.30 Using AMORPHOUS BUILDER
(MAPS, Scienomics), 150 DGEBA and 75 PACM molecules
(10 425 atoms total) were initially packed in a cubic box (Lx =
Ly = Lz = 60 Å). Curing proceeded under normal pressure and
temperature (NPT) conditions (500 K, 1 atm) with CROSS-LINK
BUILDER: a cross-link bond was created when the distance
between a terminal carbon of DGEBA and a terminal nitrogen
of PACM fell below 5.8 Å, consistent with the first O� � �N radial
distribution function (RDF) peak (B5.5 Å; first shell B4.0 Å to
8.0 Å) reported in ref. 24. A Nosé–Hoover thermostat and a
Parrinello–Rahman barostat were employed. For each degree of
conversion (15%, 45%, 60%, 90%), five independent replicas with
mutually distinct cross-link network topologies were provided. After
a 2.8 ns heat–cool anneal, 20 ns NPT production runs at 300 K and
1 atm were performed as described previously;29 the simulated
densities semi-quantitatively reproduced the experimental trend.
The LAMMPS modeling package was used throughout.

To enable hu2i evaluation at shorter times (t = 50 ps and
100 ps) in the present study, we re-ran 20 ns NPT production
simulations at 300 K and 1 atm starting from the cross-linked
network configurations reported earlier,29 using identical set-
tings (force field and thermostat/barostat parameters, timestep,
etc.) except that the coordinate output frequency was increased
to every 1 ps. From these trajectories, we computed all-atom
hu2i values at t = 50 ps and t = 100 ps. For each conversion level,
we report the replica-averaged means and standard errors (SE)
across the five replicas.

Results

A few typical QENS spectra of the D400 material are show in
Fig. 2 as a function of T. The data are displayed in terms of the
incoherent scattering intensity, S(Q,E), as a function of the
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energy exchange E. Incoherent scattering quantifies the Van
Hove or self-correlation function of the atoms in the system,
with hydrogen having an incoherent scattering cross-section
approximately 40 times larger than any of the other atoms in
the epoxy. Therefore, QENS is a measure of the hydrogen
weighted displacements in the system. As the extremely light
hydrogen are attached to the heavier atoms (C, O, N) that are
cross-linked into rigid covalent bonds in the polymer network,
we take the hydrogen weighted dynamics to be representative of
the local chain dynamics in the epoxy network. The E axis of the
spectra indicates the energy exchange between the scattered
neutron and the dynamic polymer, with positive E reflecting an
energy loss in the scattered neutron. In this respect, scattering at
E = 0 reflects completely elastic scattering (no energy exchange).

For the materials studied here (Fig. 1), a QENS spectra was
always obtained at a common base temperature of 100 K.
Fig. 2(A) shows the experimental data for D400 at 100 K indi-
cated by small black open circles. Just below the black circles is
the elastic resolution function (solid red lines) of the AGNES
spectrometer, obtained by cooling the same D400 sample down
to 4 K where all the dynamic processes in the materials can
reasonably be assumed to be frozen. In Fig. 2(A) at 100 K in the
region around E = (0 � 0.5) meV there is good overlap between
the resolution function and experimental data, indicating most
of the scattering is elastic in this regime. At energies higher than
0.5 meV, the experimental scattering becomes stronger than the
resolution function, indicating the presence of higher frequency
dynamics. It is important to remember that higher energies in
QENS mean faster dynamics, or shorter time scales. At 100 K, we

are still in the regime where the relaxational modes have not
been activated, meaning the dynamics are collective vibrations.
The dotted blue lines in Fig. 2 represent the Boson Peak, a
collective vibrational mode that is commonly fit with an asym-
metric log-normal function. At 100 K, the entire spectra can
almost be fit with just a flat background, a Boson Peak, and
the elastic resolution function. The overall fits are indicated with
the thick solid black line through the experimental data points.
Moving through panels (A), (B), (C), and (D) in Fig. 2, the
temperature increases systematically from 100 K, 228 K, 268 K,
and 288 K, respectively. As the temperature increases, a narrow
quasi-elastic mode centered around the elastic line (E = 0 meV)
emerges. This quasi-elastic broadening is well-described by a
Lorentzian function, as shown by the purple dashed line. A
Lorentzian in energy space corresponds to a single exponential
relaxation in the time domain, occurring at longer times (smaller
energies) than the collective vibrations of the Boson Peak. The
FWHM of the Lorentzian fits in Fig. 2 are on the order of 0.5 meV,
corresponding to a relaxation time of approximately 1.3 ps,
whereas the peak values of the higher energy Boson Peaks are
approximately 1.7 meV, or a time scale of 0.4 ps. While these are
just ballpark values, the exact values for several of the key
parameters are plotted below in some of the subsequent figures.

Fig. 3 displays the resulting fits, obtained in an identical
manner as explained in Fig. 2, as a function of temperature for
all the materials studied here, including D230 (Fig. 3(A)), D400
(Fig. 3(B)), D2000 (Fig. 3(C)), PACM (Fig. 3(D)) and pDCPD
(Fig. 3(E)). The breakdown of each fit at each temperature into
its individual components, like the data shown in Fig. 2, is

Fig. 2 Examples of the QENS spectra and the corresponding fitting parameters for D400 at the four different temperatures of (A) 100 K, (B) 228 K, (C)
268 K and (D) 288 K. In each panel, the experimental data is indicated by the black open circles. The final fit (solid black line) represents the sum of
individual components, including a flat background (bkg, grey dashed dot line), elastic energy resolution of the spectrometer (elastic, red solid line), the
log normal function for the Boson Peak (BP, solid blue line) and a Lorentzian for the quasielastic broadening around the elastic resolution (Lor, purple
dashed line). Error bars on the experimental data indicate one standard deviation of the scattering intensity S(Q,E) as a function of the scattering energy E.
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provided in Fig. S1–S5 of the SI. For each material, the tem-
peratures span from 100 K to just below Tg. As the different
resins have different Tgs, the actual temperature ranges are
different. PACM has the highest Tg (437 K), so in general these
spectra are obtained at higher absolute temperatures; D2000
has the lowest Tg (245 K), so these spectra are obtained at lower
absolute temperatures. The spectra here have not been Bose
scaled to adjust for trivial temperature variations, so in general,
the higher temperature spectra have overall stronger inelastic
and quasielastic scattering. Later in the manuscript we will
compare the spectra as a function of T–Tg. Regardless, for each
material we see the strength of both the inelastic and quasielastic
broadening increase with temperature. Note that qualitatively for
some of the materials, like D230, D400, and D2000, that the
increase of the inelastic intensity reflected in the Boson Peak (log
normal function) seems stronger (more dominant) than the
increase of the quasielastic broadening (Lorentzian function)
around the elastic line. A distinct minimum between the Boson
peak and the quasi-elastic broadening or the Lorentzian around
the elastic line is visible up to Tg. However, in pDCPD we see
extremely strong QES broadening deep in the glassy state, to
temperatures well below Tg; a minimum between the quasi-
elastic broadening around the elastic line and the Boson peak
is not observed. In our previous manuscripts, we argued that

such a strong quasi-elastic broadening in the glassy state corre-
lates with mechanical toughness.16,17,21 This concept will be
explored in greater detail below.

In Fig. 4(A) we introduce the experimentally measured
ballistic impact resistance, KE50. As stated earlier, KE50 is an
operationally defined metric of ballistic impact resistance. The
measurement is done by shooting a series of identical panels of
a material with identical ballistic projectiles where the velocity,
or kinetic energy (KE), of the projectile is systematically
increased. The velocity at which 50% of the panels catastrophi-
cally fail is defined as KE50, or the ballistic impact resistance.
This is an operationally defined parameter, not a true measure
of toughness, but a standard metric of the materials perfor-
mance in the ballistic community. In Fig. 4(A) the KE50 of the
PACM, pDCPD, D230, D400, and D2000 materials are all plotted
as a function of T–Tg. These data have been reported elsewhere.6

All of the KE50 data have all been normalized to the value of KE50

of PACM at room temperature. The temperature dependence of
KE50 for the different materials can be generally grouped into
three different types of response, which we summarize here.
PACM is known to display poor ballistic impact resistance and
fail in a brittle manner, never demonstrating toughness. In
Fig. 4(A) we see that PACM has the lowest KE50 response and its
T–Tg dependence is essentially flat; it’s always brittle. In the

Fig. 3 A summary of all the final QENS fits, as determined in Fig. 2, as a function of temperature for the (A) D230, (B) D400, (C) D2000, (D) PACM and (E)
pDCPD networks. In each panel, the legend indicates that as the colors progress from black to red lines, the temperature increases from 100 K to just
below the calorimetric Tg of the material. The solid grey line indicates the elastic resolution of the spectrometer. The experimental data symbols for each
fit have been omitted for clarity, but the individual fits and experimental data for each curve are provided in the SI.
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D230, D400, and D2000 materials, a clear transition is observed.
Just below Tg the materials display excellent ballistic resistance,
but when the materials drop approximately 50 K below Tg, a
brittle-to-ductile transition occurs. Below the BDT temperature,
the KE50 of the Jeffamine resins becomes comparable to the
brittle PACM. The overlap of these three materials in this T–Tg

representation is striking given that the materials have very
different absolute Tgs (396 K, 328 K, and 245 K for D230,
D400, and D2000, respectively). The T–Tg shifting causes all
the curves to overlay, as similarly seen in the Jeffamine series.6

Finally, there is the curious case of pDCPD. It has a large KE50 at
Tg, but unlike the other materials it stays ballistically tough upon
cooling and slightly increases as the temperature decreases;
pDCPD displays superior ballistic impact resistance at tempera-
tures at least 200 K into the glassy state. In terms of absolute
temperatures this corresponds to 215 K, strongly in the sub-
ambient regime.

In describing the QENS data in Fig. 3, we already commen-
ted on how pDCPD displayed strong QES broadening relative to
the weaker collective vibrations of the Boson Peak at tempera-
tures deep into the glassy state. In our previous manuscript, we
discussed how the relative intensities of the quasi-elastic broad-
ening (Lorentzian) to the collective vibrations of the Boson Peak
(log normal) mapped out the ductile-to-brittle transition (DBT)
in polycarbonates.17 At deeply sub-ambient temperatures, where
the Boson Peak dominates, the mechanical properties were
brittle. However, as the temperature increased and the Lorent-
zian peak becomes more intense than the Boson Peak, the
material transformed into a tough, ductile glass. In this context,
the strong quasi-elastic broadening around the elastic line in
pDCPD well-below Tg in Fig. 3(E) is consistent with the fact that
this material retains excellent ballistic resistance at these same
cryogenic temperatures. Turning to the epoxy networks, the
intensity of the Boson Peak is either bigger than or on par with
the quasi-elastic broadening deep in the glassy state where the
KE50 values indicate low impact resistance and brittle failure.
We explore this concept in greater detail using the temperature
dependent fitting parameters for the QES broadening.

To flesh out this comparison further, in Fig. 4(B) we plot the
FWHM of the Lorentzian that parameterizes the quasi-elastic
broadening around the elastic line of the collective relaxational
modes as a function of T–Tg. A broader Lorentzian peak
corresponds to faster collective relaxations. In Fig. 4(B) the
FWHMs range from approximately (0.4 to 0.7) meV, which in
the time domain corresponds to relaxation time constants of
(1.6 to 0.9) ps, respectively. In our previous publication on
polycarbonates, we used a medium resolution mode on Disc
Chopper Spectrometer at NIST where the FWHM of the elastic
peak was approximately 0.14 meV, which made it hard to
resolve changes in the Lorentzian broadening here when the
values were in the (0.4 to 0.7) meV regime. However, using the
high-resolution mode of the AGNES spectrometer in Japan, the
0.049 meV FWHM of the elastic peak provides ample resolution
to quantify these changes. What became immediately obvious
from these higher resolution quasi-elastic measurements is that
pDCPD has the broadest Lorentzian component and thus the
fastest collective relaxations. Furthermore, these relaxations
remain fast and active down to T–Tg values as deep as �300 K.
This tracks with the high ballistic impact resistance down to
these deeply cryogenic temperatures. By contrast, the fast collec-
tive relaxations that are active just below Tg in D230, D400, and
D2000 all tend to slow down precipitously when the temperature
drops to approximately 50 K below Tg. This directly mirrors the
DBT responses in the KE50 measurements. As the materials
transform from tough and ductile to brittle, the collective relaxa-
tions from the quasi-elastic broadening start to slow down.

PACM is a stiff, high Tg epoxy with poor ballistic resistance.
In Fig. 4(A) it exhibits brittle failure modes and low KE50 values
at all temperatures. It is striking that the KE50 values of PACM are
on par with the KE50 values of D230, D400, and D2000 at the lower
temperatures where the Jeffamine materials have transitioned to
a brittle ballistic response. The FWHM of the quasi-elastic broad-
ening in PACM is generally independent of temperature and on

Fig. 4 Panel (A) displays the ballistic impact resistance in terms of the
normalized KE 50, as described in the text, as a function of cooling below
the glass transition temperature. This representation reveals how the
epoxy networks become embrittled upon cooling whereas the ROMP
network (pDCPD) maintains tough to deep in the glassy state. Panel (B)
shows the corresponding quasielastic broadening of the Lorentzian func-
tion across the same temperature regime. This comparison, as discussed in
the text, shows a striking similarity between the width of the QES broad-
ening and the ballistic impact resistance, suggesting that the fast relaxa-
tions are important for ballistic impact resistance.
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par with that of D230, D400, and D2000 in their brittle regimes.
PACM is always brittle below Tg and has some of the slowest
collective relaxations. The only exception to this statement is the
single highest temperature datapoint, which corresponds to an
absolute temperature of 427 K. This is just 10 K below the actual
Tg of 437 K. In general, the quasi-elastic broadening around the
elastic line of all polymers, whether brittle or ductile, will always
increase significantly at Tg where the elastic modulus of the
material softens by an order of magnitude. Given that PACM is a
stiff resin, its calorimetric Tg will also be very broad. As reported
by Masser and co-workers, the breadth of the calorimetric Tg for
PACM is about 14 K, whereas most of the other networks
studied here have more narrow Tgs generally in the range of
(4 to 6) K.6 At 427 K it is likely that this last datapoint for PACM
is not representative of glassy dynamics, but probably reflects
the broad onset of Tg. Polymers above their Tgs will always have
strong quasi-elastic broadening but also start to exhibit pre-
cipitous drops in their KE50 values because of the order of
magnitude softening of their elastic modulus. High ballistic
impact resistance requires both high stiffness and collective
relaxations for energy dissipation.

The similarities in the temperature dependencies of KE50

and FWHM of the Lorentzian that quantifies the QES broad-
ening in Fig. 4 is intriguing. In Fig. S16, we use data interpola-
tion methods to establish a strong correlation between the
amplitude of the Lorentzian FWHM and the KE50 ballistic
impact resistance. If we classify KE50 o 2 as ‘‘weak’’ and
KE50 4 2 as ‘‘strong,’’ in Fig. S16 we establish that there is
an optimized threshold value for the FWHM of 0.514 meV that
characterizes 92% of the data points in terms of their transition
from weak to strong. This further demonstrates the importance
of the fast collective relaxations on the order of 1 ps or longer.
In our first publication on this topic we compared a single
polycarbonate and looked at the intensity of Lorentzian peak to
the intensity of the collective Boson Peak vibrations and related
the onset of the quasi-elastic broadening to the quasi-static
DBT transition.17 In another publication on silica nanoparticle
composites with densely grafted polymethylacrylate brushes as
a function of the brush molecular mass, we reported that a
peak in the energy dissipation during a micro-ballistic impact
test corresponded to a speeding up of this same quasi-elastic
broadening.31 Here we extend this correlation between the
speed of these collective relaxation process and the ballistic
impact resistance to a broad range of polymers. We believe that
this is an important insight to understanding the ballistic
impact of polymer glasses.

In addition to the Lorentzian, we also have the fits to the
Boson Peak as a function of temperature for all the materials.
The Boson Peak is a common feature in the QENS spectra of
amorphous materials deep in the glassy state; it’s amplitude and
peak position vary from material to material, but it is generally
observable in all glassy materials at cryogenic temperatures. The
location of the Boson Peak at finite energy distinct from the
quasi-elastic broadening in the Lorentzian is indicative of a
collection of vibrational modes. The Boson Peak reflects collec-
tive, quasi-localized vibrational modes arising from the intrinsic

asymmetry of the intermolecular interactions of glassy materials
at low temperatures, in combination with the intrinsic granularity
of matter on a molecular scale. It is an acoustic-like vibration
mode, having many similarities with the transverse acoustic mode
phonons familiar from crystalline materials.32–36 But it occurs in
disordered material and is generally believed to represent collec-
tive vibrations that span across 100 s to 1000 s of atoms, often
related to localized heterogeneities in the elastic modulus.37–41

Douglas and co-workers have recently suggested that the Boson
Peak vibrations consist of one dimensional (1D) collective string-
like, or ‘‘stringlet’’ vibrations.42 Regardless of the interpretation, in
Fig. 5(A) we plot the peak energy (mode, highest intensity) of the
Boson Peak as a function of T–Tg for all of the materials. While
there is some experimental scatter in the data, in general the
Boson Peaks for each material shift to lower energies as a function
of heating in a quasi-linear fashion. A lower energy Boson Peak
corresponds to a softer vibration and this type of softening is
common for polymer glasses.42,43 Heating the material softens the
collective vibration, which makes sense. We also show in the SI
that the area of the Boson Peak generally increases with tempera-
ture, indicative of thermal activation. When we compare the
energies of the Boson Peak across the different materials, we
generally observe that at a given value of T–Tg, the stiffness trend
of the Boson Peak is EBP-pDCPD o EBP-PACM o EBP-D230 o EBP-D400 o
EBP-D2000. At first this trend might seem counter-intuitive because
we often associate the stiffness of a network with its Tg, thinking
that high Tg networks are stiffer. The Tg trends across the different
materials, reported in Table 1, are Tg-PACM 4 Tg-pDCPD 4 Tg-D230 4
Tg-D400 4 Tg-D2000. In this sense, it might seem odd that the higher
Tg networks have softer Boson Peak vibrations. However, this is
not the case. Soles and coworkers have shown a robust inverse
correlation across a wide range of glassy materials (small mole-
cules and polymers) between the stiffness of the Boson Peak
vibration and the ortho-positronium lifetime t3 from positron
annihilation lifetime spectroscopy (PALS) measurements that
quantifies the size of the local density or packing heterogeneities,
sometimes interpreted as free volume.43 This inverse correlation
points to the fact that a more open structure in terms of inter-
molecular packing leads to a softer Boson Peak. This makes
intuitive sense. A more open structure at the intramolecular level
leaves more room for the molecules to vibrate and these vibrations
are softer due to the reduced nearest neighbor interactions.

Molecular dynamics simulations in PCs have shown that
pressure densification in the glassy state leads to a reduction of
hu2i, which according to our findings would also reduce
toughness.44 Sokolov and co-workers have also shown that
pressure and density will both decrease the amplitude of the
Boson Peak and shift the peak to higher frequencies.45 While
we do not have PALS data on these resins, the stiffness of the
Boson Peak vibrations nominally tracks the room temperature
densities of the materials, which is the macroscopic analog
to their packing efficiency. In Table 1 we see that rpDCPD o
rPACM E rD230 E rD400 E rD2000. These trends in the macro-
scopic densities are generally consistent with our previous PALS
results; poor packing efficiencies lead to more open space,
lower density, and softer Boson Peaks. It is also well-known
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that high Tg epoxy networks, which usually have stiff epoxies
and cross-linking agents, like PACM, exhibit packing frustra-
tions during the final stages of cure. Classic works by Gillham
show that the physical density of rigid cross-linking network
polymers, including epoxies, decreases during the final (20 to
30)% degree of conversion.46,47 The steric hinderances become
large when trying to reach the final stages of cure with the rigid
and non-flexible monomers; this leads to packing frustration
and lower density. Gillham and Jean have further shown that
these packing frustrations in the final degree of cure lead to an
increase in both the size of the packing heterogeneities and the
‘‘free volume’’ fraction from PALS,48 which infers from our
previous results43 a softening of the Boson Peak. Both MD
simulations and physical experiments show that PACM has a
non-monotonic trend of density with cross-linking; a peak in

the physical density occurs at a cross-link density of 45%, beyond
which the structure starts to open up and reduce its density.29 We
have already suggested that materials that can parlay the collec-
tive vibrations of the Boson Peak into the relaxations that are
seen in the QES broadening are an indicator of mechanical
toughness. In this sense, the fact that pDCPD has the softest
vibrations seems consistent with this notion. It seems intuitive
that it would be easier to parlay soft vibrations into relaxations.
However, PACM also has the next softest Boson Peak. The
question remains why PACM is not able to parlay its soft
vibrations into collective relaxations and toughness? We will
return to this question shortly.

The elastic incoherent structure factor (EISF) is another way
to parameterize the ‘‘stiffness’’ of a sample with respect to the
scattered neutrons. The EISF is defined as the ratio of the
integrated intensities of the elastically scattered neutrons over
the integrated sums of the elastically scattered plus the inelasti-
cally scattered neutrons. According to this definition, an EISF of
1.0 corresponds to completely elastic scattering (no dynamics) as
would be the case at absolute zero, whereas an EISF of zero would
correspond to no elastic scattering, a situation that might occur
in a low viscosity liquid. Here we define the area of the elastic
resolution peak over the sum of the areas of the elastic resolution,
the Lorentzian, and the log normal Boson Peak. In Fig. 5(B) the
EISF is plotted as a function of T–Tg for all the materials. The
trends in the EISF mirror the trends in the Boson Peak. At all T–Tg

values, pDCPD is the softest material in that it has the least
amount of static or elastic scattering. This is consistent with the
observation that pDCPD had the softest Boson Peak. By contrast,
near Tg the D2000 appears to be the stiffest material with the
strongest elastic scattering, consistent with the largest density
and the stiffest Boson Peak. Between the extremes of pDCPD and
D2000, the trends in the EISF largely follow the same trends
found in the density.

Previously we suggested that a salient feature of a tough
polymer glass was the ability to parlay the collective vibrations of
the Boson Peak into collective relaxations on the ps or longer
time scale, that are sufficiently fast enough to dissipate energy
during ballistic impact events. The fact that the temperature
dependence of the Lorentzian FWHM mirrors the KE50 response
suggests that this relaxation is relevant to dissipate energy under
ballistic impact. To further explore this connection, in Fig. 6(A)
we plot the ratio of the integrated intensity of the Lorentzian
process (which we define as ‘‘good’’ relaxations with the ballistic
impact resistance) to the sum of the Lorentzian (Lor) and the
Boson Peak (BP) functions (all dynamics) as a function of T–Tg.
This parameter, Lor/(Lor + BP), can be thought of as the relative
ratio of the successful relaxations in the system to the number of
attempts at executing that relaxation. The results in Fig. 6(A) are
largely consistent with the trends reported earlier with the Boson
Peak energies and the EISFs. The relative amplitude of the
collective relaxations is strongest in pDCPD, consistent with its
superior ballistic impact resistance, while it is weakest in D2000.
The relative trend between these extremes generally follows the
density trend that we have discussed with the Boson Peak
energies and the EISFs. It is somewhat surprising and maybe

Fig. 5 Panel (A) displays the peak energy of the Boson Peak fit (EBP) as a
function cooling below the glass transition for the different network
glasses. In general, the collective Boson Peak vibrations stiffen, or shift
to higher energies, as the systems are cooled. We also observe that the
lower Tg flexible networks, such as D2000 which also has a higher packing
density, have stiffer Boson Peak vibrations than the stiffer networks, such
as PACM or pDCPD that display poor packing densities. In panel (B) the
overall fraction of elastic scattering reflected in the EISF follows a
similar temperature dependence as the Boson Peak energies, as discussed
in the text.
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disappointing that this ratio of amplitudes did not map onto the
BDT that were seen in the KE50 and FWHM data in Fig. 4. The T–
Tg dependence is approximately linear. We return to this linear
dependence shortly.

In a previous paper, Masser and co-workers used the con-
cepts of Donth49 and Schick and Donth50 to estimate the length
scale of the cooperatively rearranging regions, CRRs,51 in the
glassy state to estimate the scale of the collective dynamics that
lead to a ductile response under ballistic impact. Using this
approach, the volume of the CRR at Tg can be estimated from:

VaCRR ¼
kBTg

2 1

DCp

dTr

where kB is Boltzman’s constant, Tg is the glass transition
temperature, 1/DCp is the reciprocal of the heat capacity step

at Tg, dT is the width of the heat capacity step at Tg, and r is the
density. In their previous study, the authors found a strong
proportionality between the breadth of the ductility window
below Tg, i.e., (Tg–TDBT), and the volume of the CRRs, Va,CRR.6

This data from their previous publication is reproduced in Fig.
S6 of the SI here for convenience. Following a similar approach,
linear fits were applied to data in Fig. 6(A) to extrapolate the
data and estimate the ratio of Lor/(Lor + BP) at Tg. The
extrapolated values of these ratios at Tg with their uncertainties
are reported in parenthesis in the caption of Fig. 6(A). Then in
Fig. 6(B) we plot the value of Lor/(Lor + BP) at Tg as a function of
the previously reported Va,CRR. This reveals a surprisingly strong
correlation between the relative fraction of the collective relaxa-
tion in the glassy state to the size of the cooperatively rearran-
ging regions estimated from the calorimetry data. To the best of
our knowledge, this is the first example in which the dynamics
from QENS have been implicated in the CRRs. With respect to
the ballistic impact resistance, the corresponding connection
between the breadth of the ballistic ductility window below Tg

and Va,CRR is strong evidence suggesting that the strength of
these collective relaxations in the ps time scale as evidence by
QENS is important for a ductile response in glassy polymers
under ballistic impact.

In our original paper connecting QENS with mechanical
toughness, we showed that the BDT occurred when the ampli-
tude of the Lorentzian process surpassed the amplitude of the
collective Boson Peak vibrational process.16 This mapped well
onto the onset of anharmonicity in the mean-square displace-
ment measurements in terms of hu2iexcess, which we have yet to
discuss here. In Fig. 7(A) we plot the hu2i values from the fixed
window scans on the HFBS spectrometer as a function of
temperature for these same materials and illustrate how we
define the level of anharmonicity in hu2iexcess by subtracting off
the contributions from the low temperature harmonic oscilla-
tor regime where the temperature dependence is linear. These
anharmonic levels of hu2iexcess are plotted as a function of T–Tg

in Fig. 7(B). In our previous study on a homologous series of
polycarbonates, either plasticized with Arochlor or dynamically
enhanced through the copolymerization of cyclohexyl linkages,
we observed a strong correlation with hu2iexcess and the quasi-
static mechanical toughness. This correlation was observed in a
single class of materials, polycarbonate, with systematic varia-
tions to their dynamics through either plasticization or copo-
lymerization. Here the correlation appears to break down on
the T–Tg comparison across the wide range of epoxy and
dicylopentadiene networks studied here. One of the most
glaring differences is that PACM has the largest hu2iexcess just
below Tg and the worst KE50 performance. We will discuss this
discrepancy later. In-line with our previous observations,
pDCPD has some of the largest hu2iexcess values extending to
well below Tg, which would be nominally consistent with its
high KE50 values. However, we see variations in the magnitudes
of hu2iexcess in the T–Tg range of (0 to 100) K regime for D230,
D400, and D2000 do not overlap; in Fig. 4(B) the KE50 values
overlapped beautifully in this T–Tg range. This discrepancy will
be discussed below.

Fig. 6 Panel (A) the ratio of the collective relaxation reflected by the
Lorentzian (Lor) over the collective relaxations plus the collective vibra-
tions (Lor + BP) as a function of cooling into the glassy state. In this
representation, Lor is the area beneath the Lorentzian peak and BP is the
area beneath the Boson Peak. In Panel (A) the thermal dependency of this
ration appears linear with the dashed lines indicating linear fits. These linear
fits are used to extrapolate the value of this ratio at Tg, which is reported in
the legend. In Panel (B) the value of this ratio at Tg is plotted against the
volume of the cooperatively rearranging regions determined from the
breadth of the calorimetric Tg, as reported previously.
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Discussion

Our previous publications that focused on PCs were the first
reports to directly implicate the fast, sub-ns collective relaxa-
tions in the glassy state to toughness.16,17 For decades it has
been argued that glassy relaxations engender toughness in
polymer glasses,9–12,52–56 but the role of the higher frequency
was largely unexplored. In the late 2000’s, Arrese-Igor and co-
workers embarked on detailed QENS studies on the dynamics
of PCs using both a range of different spectrometers that could
access dynamics in the ns to ps time scales, as well as selective
deuteration schemes to isolate the dynamics of specific moi-
eties in the PC repeat unit.57–61 PCs have complicated struc-
tures with different local motions that include phenyl ring flips
or vibrations, methyl group rotations, carbonate group rota-
tions, and general backbone fluctuations. Their detailed stu-
dies were able to account for time and length scales of these
different motions to the overall QENS response and the effec-
tive hu2i values. However, a key finding of their studies was that
these motions were highly coupled and that ‘‘extra’’ mobility
had to be included.59 This extra, coupled mobility showed up
in the window of a (2 to 20) ps regime. In fact, the studies by

Arres-Igor were in large part motivated by the fact that PC was
such a tough material. In contrast, they also showed that brittle
polymer glasses like polystyrene (PS) lacked these extra coupled
motions.62 While they never directly connected these motions
to toughness, in our view they were on to a key concept.

In the work presented here, there is a significant diversity in
the chemical moieties that make up the different types of
network polymers. There are aromatic phenyl rings, aliphatic
4- and 5-member carbon rings, hydroxypropyl ether groups,
methyl groups, and primary, secondary, and tertiary amines. It
would be nearly impossible to do a tour de force breakdown of
the QENS spectra into the different contributions of the different
groups in the style of the careful measurements of Arrese-Igor.
Furthermore, these are cross-linked networks, and we have no
way to precisely determine the cross-linking density. This means
that the final chemistry and density as a function of temperature
of each material is still vague. We are unable to properly normal-
ize the scattering intensities with the scattering length densities
of the elements comprising the network. We have made all the
sample thicknesses the same and rely on arbitrary intensities.
This is an admitted shortcoming of our study. We have con-
sciously chosen to collect as much QENS data as we can across a
broad range of temperatures and then map the QENS response
onto the temperature dependent ballistic data. Across such a
broad range of materials, this also means we chose to sacrifice
collecting statistically significant scattering data to perform a
detailed Q dependent analysis of the spectra; we chose to average
together over the Q range of the instrument. But even with these
limitations, we have observed some interesting correlations with
the ballistic impact resistance.

One of the most exciting findings in this paper is the
similarity in the temperature dependencies of the FWHM of
the Lorentzian broadening around the elastic line and the KE50

values. The FWHM of these Lorentzians are the same fast processes
or extra anharmonic relaxations that Arrese-Igor focused on in their
studies and indirectly inferred that they were important for
mechanical properties. We think that it is an important finding
here that we directly correlate these fast collective relaxations with
mechanical properties, especially at the ballistic rates of deforma-
tion. This is an important insight. Activating these processes in
terms of the time scale of their motion does affect ballistic impact
resistance. Faster relaxations are better able to dissipate ballistic
impact energy. This finding is also consistent with our recent
micro-ballistic Laser Induced Projectile Impact Testing (LIPIT)
studies on the polymer grafted nanoparticles (PGNs) as a function
of the graft molecular mass. At intermediate molecular masses for
the densely grafted polymer brushes, we observed both an accel-
eration in these collective relaxations from the Lorentzian broad-
ening and an increase in the ballistic impact resistance using
microparticle projectiles traveling at velocities as fast as 1 km s�1.31

It is salient to point out that later, Fytas and co-workers observed an
acceleration in the 12 GHz (B80 ps) motions using Brillioun Light
Scattering (BLS) in these same systems at these same intermediate
graft molecular masses.63 These findings paint the picture that
these fast collective relaxations are important for ballistic rate
impact resistance.

Fig. 7 (A) Displays the mean square displacement hu2i as a function of
temperature for the different cross-linked networks studied here. Panel (A)
also shows how hu2iexcess is defined by subtracting the low temperature
harmonic vibrations, as described in the text. In panel (B), hu2iexcess is
plotted as a function of cooling into the glassy state for comparison with
ballistic impact resistance. The inset to panel (B) displays both hu2i200 ps

and the physical density as a function of the degree of cure PACM from
atomistic molecular dynamics simulations, as described in the text.
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However, as mentioned previously, we also now observe a
breakdown of the direct relationship between toughness and
hu2iexcess across this broad range of materials. We believe that
this breakdown stems from a couple of reasons. First, we turn
to the direct comparison between Fig. 7(A and B). This broad
set of materials have very different Tgs, spanning over 200 K in
absolute temperatures. Dynamics are always thermally acti-
vated. Compared on the basis of T–Tg, there is significantly
less thermal activation near Tg in the lower Tg D2000 than the
higher Tg PACM. These two materials have significantly differ-
ent Tgs and there will always be more thermal activation at
higher T. To address this point, in Fig. S7(A), we present a map
in terms of absolute T where the KE50 measurements were
performed for all of the materials studied here. There is a small
window of Ts between (218 to 295) K where we have both KE50

and hu2i data. In Fig. S7(B) we plot the isothermal correlations
between KE50 and hu2i for three Ts in this window. The results
look promising. When comparing the isothermal trends, there
appears to be a strong positive correlation between ballistic
impact resistance and hu2i. However, extending this correlation
across a larger T range where there are very different states of
thermal excitation causes difficulties.

The second difficulty that makes comparisons across the
wide range of networks difficult is that the PACM, pDCPD, and
the Jeffamine samples are very different in terms of the
chemical moieties that make up their structures. As we already
discussed, the different materials contain a different mix of
aromatic phenyl rings, aliphatic 4- and 5-member carbon rings,
hydroxypropyl ether groups, methyl groups, and primary,
secondary, and tertiary amines. Many have shown that to
properly calculate hu2i, the precise nature and geometry of the
motions of the different moieties must be properly accounted
for to obtain accurate hu2i values, which requires access to a very
large Q range.64,65 We have only examined the low Q regime
when calculating hu2i that emphasize longer range motions that
are more relative for relaxations, but do not capture these subtle
molecular details. It is well known that QENS, especially in the
higher energy regimes, is sensitive to the details of the mole-
cular structure. While our discussion has focused on the role of
collective relaxations, we have ignored more local contributions
like methyl or primary amine rotations. Such rotations are fixed
in space, do little to dissipate energy, but can contribute
significantly to the QENS signal. To illustrate this point, we
return to our discussion to PACM. PACM is a very rigid curing
agent which leads to significant steric hindrances during the
final stages of the cross-linking process. Yamashita has already
shown that PACM is subject to this effect and shows a decrease
in density in the final stages of cross-linking.29 Rawlins and
co-workers have likewise shown, in a similar brittle high Tg

epoxy, that the fracture toughness decreases in these final
stages of cure as the density is decreasing.66 It is likely that
these sterically hindered, high Tg resins never reach 100%
conversion, which means there will be a fraction of dangling
bonds, such as primary amines, secondary amines, or epoxide
groups. As PACM has low physical density, these H containing
moieties are probably free to rotate or rattle.

To explore this possibility further, we turn to the previous
results of Yamashita as a starting point.29 From the models they
previously published, we calculate the hu2i values from the
trajectories of the MD simulations using both a 50 ps and
100 ps elastic resolution as a function of the degree of conver-
sion in the high Tg PACM network as described in the Methods
section. These hu2i values are reported in the SI with the 100 ps
values presented in the inset of Fig. 7(B). These results clearly
reveal a non-monotonic trend between the degree of conversion
and both the physical density and hu2i. This is entirely con-
sistent with the non-monotonic trends in density with degree of
cure reported previously by Gillham and Jean.46–48 During the
final stages of cure, the imposed steric hinderances open the
structure up and lead to an artificial enhancement of hu2i that
is not relaxational. These types of localized, non-relaxational
motions contribute strongly to QENS and are probably in part
why the hu2i values are so large in PACM.

To illustrate this point further, we performed low frequency
Raman (LFR) spectroscopy on these same materials as a func-
tion of temperature. Fig. S8–S12 in the SI describe the proces-
sing of the LFR data, with a complete set of LFR data for all the
materials as a function of T provided in Fig. S13. Here we focus
on a comparison of the LFR data for PACM and pDCPD. Unlike
QENS, LFR is not extremely sensitive to local motions of groups
like dangling primary amines, secondary amines, or hydroxyls.
The LFR signal is dominated by groups that have strong
polarizability to the 514.5 nm laser that is used in the Raman
spectrometer. In these networks, the phenyl groups in the
epoxies and pDCPD will dominate the signal. The comparison
is striking. In PACM we see that the Boson peak is very distinct
at low temperatures and dominates the spectra at temperatures
very close to Tg. That quasielastic broadening around the elastic
line that was seen in the QENS is completely missing in the LFR.
The glassy spectra are largely dominated by either the Boson
Peak or non-diffusive motions that do not dissipate energy. By
contrast, the quasielastic broadening around the elastic line is
very strong in pDCPD. In Fig. S13 the Boson Peak is only visible
in the 100 K spectra. At all other temperatures deep in the glassy
state the quasielastic broadening dominates. Both QENS and
LFR indicate strong glassy relaxations in pDCPD.

In our previous publication, we argued that the amplitude of
the Lorentzian process relative to the Boson Peak was impor-
tant for toughness. We do not plot that data here because we
did not see strong correlations with the amplitude of this
Lorentzian and the KE50 values. But in hindsight this probably
reflects the fact that the comparison spans such a large
absolute temperature range of several hundreds of K. We did
not attempt to Bose scale the QENS spectra (although we did
Bose scale the Raman spectra) to normalize trivial temperature
variations in the dynamics across these large temperature
differences. It is not immediately evident if this would be
warranted as we do not precisely know the scattering length
density of the different cross-linked networks. Rather, we chose
to compare the ratios of amplitudes of the collective Lorentzian
relaxations to total dynamics. The Lor/(Lor + BP) across the
different materials as a function of T–Tg also warrants further
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discussion. By looking at this ratio, we normalize out the large
variations in absolute temperature across the different materi-
als. The proportionality between the Lor/(Lor + BP) at Tg and the
Va,CRR estimates from Masser and co-workers is exciting. From
the results shown in their previous paper6 indicating a direct
proportionality between Va,CRR and the (T–TDBT) ductility win-
dow (repeated in the SI), we can conclude that this Lor/(Lor +
BP) is important for KE50. It is also interesting to note in
Fig. 6(B) that the magnitudes of the Va, CRR values reported
here nominally range from (25 to 150) nm3. In our previous
publication on polycarbonates, we used the method of Sokolov
and co-workers to estimate the volume of material participating
in the Boson Peak from the ratio of the frequency of the
transverse acoustic mode to the Boson Peak frequency to be
on the order of approximately (5 to 20) nm3. These values are
also on par with the activation volume for mechanical yielding
estimated from rate and temperature dependent quasistatic
toughness measurements.17 Sokolov has already shown that
this volume of the material participating in the Boson Peak is
proportional to the activation volume of glass formation in a
wide range of materials.67 It is therefore maybe not surprising
that this Lor/(Lor + BP) ratio is related to the Va,CRR, a parameter
that is directly related to glass formation. All of these length
scales are similar. As suggested by Sirk and co-workers, fluctua-
tions at these length scales are probably important for desta-
bilizing void formation and staving off brittle failure.2,5,7,8,21,68

As a closing comment, it is worth emphasizing that the
dynamics quantified by QENS are spatially averaged across the
entire sample. There are now emerging several reports of hetero-
genous dynamics in cross-linked epoxy networks and how these
heterogeneities in turn can affect critical properties.69–74 Our
studies here do not directly address this issue of dynamic hetero-
geneity. We suspect that our QENS measurements would be
affected by dynamic heterogeneities. We have seen evidence of this
in our previous works connecting QENS and the density hetero-
geneities probed by PALS.21,43,75 The relationship between the level
of dynamic heterogeneity and the overall dynamics quantified by
QENS is an interesting topic that is worthy of additional research in
the context of mechanical properties of polymer glasses.

Conclusions

What these measurements suggest is that glassy polymers that
can parlay soft Boson Peaks into collective relaxations on the
time scale of longer than 1 ps seem to be a salient characteristic
for ballistic impact resistance. We have now shown that this
trend is relevant in a series of PC glasses, a series of PGNs with
variable graft molecular masses, and now in a broad range of
cross-linked network polymers. We have also published a
preliminary set of hu2i results on a series of polydicyclopenta-
diene materials with systematic variations in the hydrogen
bonding capacity that further support this notion,21 and are
in the process of writing up a longer manuscript that expands
this comparison to the full QENS spectra. While these insights
are exciting, we also warn that there are many caveats that must

be considered. The correlations are not always perfect. In this
manuscript we saw how comparing dynamics across broad abso-
lute temperature ranges can be a challenge. We also discussed how
different measurements, for example QENS versus LFR, are selec-
tively sensitive to different types of chemical moieties or motions.
These differences must be properly accounted for. But from what
we have seen thus far, this seems to be an important aspect to
understand the ballistic impact resistance of glassy polymers.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. Christopher Soles, Kevin Masser and Joe Len-
hart conceived the study and Christopher Soles was the primary
author in writing the manuscript. Samples were prepared by
Kevin Masser, Joe Dennis, Polette Centellas, and Katherine
Evans. The neutron scattering measurement were performed
by Christopher Soles, Madhu Tyagi, Kanae Ito, Hiroshi Akiba,
Yoshinori Ohmasa, and Osamu Yamamuro. The neutron scat-
tering data was analyzed by Christian Yoon, Adam Burns, Kanae
Ito and Christopher Soles. The low frequency Raman data were
collected by Adam Biacchi and Angela Height Walker and
analyzed by Adam Burns. The ballistic KE50 measurements were
performed at the ballistic testing range at the Army Research
Laboratory. Tim Sirk, Kohei Sasaki, Naoyuki Shoji and Takefumi
Yamashitai performed MD modeling and simulations and
assisted with data interpretation and writing. The authors
would like to thank Ran Tao, Marcos Reyes-Martinez and Jack
Douglas for their careful critiques of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

The individual QENS spectra reported in this manuscript and
their corresponding fits are plotted in SI, Fig. S1–S5. The
raw data for these figures have been archived on the NIST
Public Data Repository (https://doi.org/10.18434/mds2-4136).
This repository also includes the individual DAVE fitting and
model files for each of the spectra. The corresponding ‘‘fit dat
mod’’ files can be load into DAVE for further analysis. These
files also contain the numerical fitting parameters. The DAVE
software package is freely available through NIST Center for
Neutron Research (https://www.ncnr.nist.gov/dave/download.
html). The SI also includes plots of width of the ductile
response in the glassy state as a function of estimates of the
volume of the cooperatively rearranging regions (S6), isother-
mal comparisons of hu2i as a function of KE50 (S7), a detailed
analysis of complimentary low frequency Raman scattering for
all materials in the same energy range as the QENS data
(S8–S13), plots of the Boson Peak area (S14) and Lorentzian
area (S15) as function of T–Tg and a statistical analysis of how

Paper Soft Matter

https://doi.org/10.18434/mds2-4136
https://www.ncnr.nist.gov/dave/download.html
https://www.ncnr.nist.gov/dave/download.html


4814 |  Soft Matter, 2026, 22, 4800–4816 This journal is © The Royal Society of Chemistry 2026

strongly KE50 correlates with the FWHM of the Lorentzian
(S16). See DOI: https://doi.org/10.1039/d6sm00313c.
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