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Four model ethylene-butene copolymers of different molecular weights modified with various
concentrations of peroxide were analyzed by a DSC based successive self annealing method. The original
copolymers had the same intra and intermolecular homogeneous branching distribution along the linear
chains with approximately 2.4% mol of ethyl branches. The copolymers with average molecular weights
0f 29,000, 45,000, 81,000 and 125,000 g/mol were modified with different amounts of 2,5-dimethyl-2,5-

di(tert-butyl peroxy)-hexane (DBPH) as a crosslinking initiator. The molecular changes induced by the
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reaction with the peroxide affect the semicrystalline structure of the material. Variations in the crystal
thickness distributions of the material as a consequence of the modification are related to the peroxide
induced free radical reactions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The modification of poly(ethylene) (PE) by post-reactor
processes is used to generate materials with specific properties,
different from those of the original material and potentially useful
in different applications [1-3]. Crosslinking is one of the most
widely employed modification methods available to increase the
range of thermal resistance of this polymer and several of its
copolymers. This reaction can be conducted via free radicals
obtained by decomposition of chemical agents or by physical
methods such the decomposition of organic peroxides or diazo-
carbamides, or by ionizing radiation from several types of sources
[4-8]. One of the advantages of peroxide modification is that it may
be carried out with normal processing equipment, without much
requirement for special installations.

The most important reactions that occur during the polymer
modification process by free radicals are those that induce links
between activated macroradicals generating long branches and
elastically active chains. Depending on the nature of the original
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polymer and on the conditions of the modification reaction chain
scission may be also present at various levels. These reactions
contribute to reduce the molecular weight of the polymer inducing
additional changes on the molecular structure [9,10]. With the
development of the modification process, the average molecular
structure of the original PE chains changes. Chains that undergo
crosslinking have their average molecular weights increased via
long-chain branching, and the molecular weight distribution of the
polymer becomes wider. Chains that undergo scission contribute
mostly to enlarge the lower end of the molecular weight distribu-
tion [4-20]. At large extents of the modification process a molecular
network forms giving origin to a gel structure that is no longer
soluble.

The Successive Self-nucleation and Annealing (SSA) technique
has been developed to characterize semicrystalline polymers that
are capable of forming families of lamellae with different average
thickness at controlled cooling stages [21-24]. Fractionation
during crystallization can be induced in polymers because of
differences in chain branching frequency. The fundamental reason
behind fractionation is the dependence of crystallization temper-
ature on the uninterrupted length of the crystallizable poly-
methylene chain segments. Crosslinking interrupts the linear
polymethylene sequences, thus preventing the formation of
thicker lamellae, and changing the SSA spectra as the modification
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reaction advances [23]. Regular DSC is used to thermally condi-
tioning the samples and to record the output from the final
heating run, from which the effects of fractionation can be
analyzed. The SSA technique can render results similar to those
obtained by Temperature Rising Fractionation (TREF) or by Crys-
tallization Analysis Fractionation (CRYSTAF), without the need to
fully solubilize the polymers; thus, SSA can be used for crosslinked
polymers past the gel point.

In the present work, we study the molecular structure
changes of hydrogenated polybutadienes obtained by anionic
polymerization. The original polymers have narrow molecular
mass distribution and very narrow and homogeneous chains
branching frequency distribution, which are chemically analog to
linear ethylene-(butene-1) copolymers. These polymers were
modified using DBPH peroxide as initiator to obtain a cross-
linked material. The original and the modified polymers, below
and above the gel point, were analyzed using an SSA thermal
treatment. The observed crystallite thickness distribution
changes are discussed and used to complement previous results
where the evolution of the molecular structure of the modified
polymers was studied by following the changes on the molec-
ular weight distribution by gel permeation chromatography and
low angle laser light scattering.

2. Experimental
2.1. Materials

Linear polybutadienes (PB) were synthesized by anionic poly-
merization of butadiene following standard methods in cyclo-
hexane solution [24-26]. Infrared spectroscopy (IR) was used to
determine the microstructure of the PB’s, using a Nicolet 520 FT-IR
spectrometer. 9-10% of the butadiene units were polymerized
following a 1,2-addition path.

Polybutadienes were hydrogenated in toluene solution using
a Wilkinson’s catalyst (RhCI(PPhs)s3), purchased from Strem

Table 1

Average molecular weights (g/mol) of the original and modified HPB’s estimated
from MALLS-SEC, fraction gel (%), crosslinked fractions, Fusion enthalpy (kj/kg),
Crystallization and Melting temperature (°C) values obtained from Fig. 2.obtained
during the modification.

Polymer Peroxide Mw x 10~ Gel (%) T.(°C) Tn(°C) Fusion enthalpy
(wt%) (g/mol) (kJ/kg)
HPB-29  0.00 29 +£1 - 97.5 1103 1286
0.30 44 +3 0 95.2 1098 126.6
0.50 55+ 4 0 93.6 109.5  125.1
1.00 167 + 10 244+3 90 107.8 1233
5.00 23 +3 90+3 79 1054  115.7
HPB-45 0.00 45 4+ 2 - 94 1095 1233
0.20 50 +5 0 94 109 117.8
0.40 63 +4 0 93.6 1094 1143
0.50 106 + 10 5+2 92.5 1085 1113
1.00 308 + 21 33+3 879 1094 1105
HPB-81 0.0 81+3 - 93.1 108 116.0
0.05 89 +7 0 91.7 107.6 1143
0.10 94+ 8 0 92.1 1074 1122
0.20 186 + 10 0 89.6 106.7 110.7
1.00 189 + 11 76 =3 85.6 105.1 97.9
2.00 91+8 88+5 789 99.2 93.8
HPB-125 0.00 125+5 - 91.1 1093 1222
0.05 149+ 4 0 924 1082 121.6
0.10 165 + 3 0 91.6 1083 119.0
0.20 366 + 16 50+4 89.8 108.6 1143
0.50 265 + 7 76 +6 874 1089 112.8
1.00 215+ 10 88+4 864 1064  109.6

Chemicals Inc. Hydrogenation was performed at 90 °C on a Parr
reactor, at 700 psi of hydrogen pressure [27]. HPBs chemical
structure strictly consists of polymethylene sequences connected
by tertiary carbon atoms that contain ethyl branches, with about
24 CH3/1000 C. Due to the polybutadiene homopolymerization
procedure, polymethylene lengths distributions are truly
random.

To evaluate the possible presence of residual unsaturations,
infrared spectra of the hydrogenated polybutadienes were recor-
ded on 0.1 mm thick films monitoring the absorption peaks at
910 cm™! and 966 cm™! (vinyl and trans isomers). No double bonds
were found on the samples used for this work.

The changes on the molecular weight distributions of the
hydrogenated polymers was followed by Size Exclusion Chro-
matography (SEC) on a Waters 150-C ALP/GPC operating at
135 °C, using 1,2,4 trichlorobenzene as solvent. The chromato-
graph was equipped with a refractive index detector and with
on-line Multi Angle Light Scattering detector (MALS) from Wyatt
Technology (Dawn DSP). Table 1 lists the properties of the four
polymers used in this study. The denomination adopted for
these materials is of the form HPB#, where # is the number that
identifies the average molecular weight of the polymer.

2.2. Modification procedure

2,5-dimethyl-2,5-di(tert-butyl peroxy)-hexane (DBPH) (Akzo
Chemical of Argentina) was used as initiator of the modification
process. HPBs in the form of fine powder were impregnated with
different amounts of a peroxide-hexane solution. Afterwards, the
solvent was evaporated inside a hood. This method provides
a homogeneous dispersion of the peroxide on the polymer
[5,14,15], with concentrations ranging from 0.05 to 5.00% w/w
based on the polymer.

Impregnated HPBs were then placed between 3 mm thick steel
plates lined with aluminum foils, held apart by a 1 mm thick
aluminum frame. Finally, the samples were compression molded
between the hot plates of a hydraulic press for 30 min at 170 °C. The
reaction time necessary to complete the reaction was estimated by
performing rheological tests following the method utilized by
Bremner et al. [15] for monitoring curing reactions.

The gel fraction was determined by extracting the soluble
portion of different specimens of each modified polymer with
xylene at 125 °C.

2.3. Evaluation of basic thermal behavior

Whole (not extracted) samples were used throughout for all DSC
characterization and SSA. Small disc samples (approximately
10 mg) were cut from films of all original and modified HPBs. The
samples were encapsulated in DSC aluminum pans and ultra high
purity dry nitrogen was used as an inert atmosphere for condi-
tioning and tests in a Mettler Toledo DSC 821/700 calorimeter. A
first characterization of the thermal behavior of the polymers was
performed on the DSC by cooling and heating runs between 25 and
200 °C at a heating rate of 10 °C/min. In order to erase all previous
thermal history all the samples were previously held in the molten
state at 150 °C for 5 min.

2.4. SSA technique

The SSA technique consists of successive heating and cooling
cycles. The self-nucleation and annealing temperatures (Ts;) were
chosen according to a regime defined by Fillon et al. [28].
Samples were heated and held at 150 °C for 5 min. Afterwards,
they were cooled down to 40 °C at 10 °C/min to give an initial
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standard thermal history. Another heating scan followed, at the
same rate, to a selected self-seeding temperature denoted T,
then kept for 5 min at that temperature before cooling it again
down to 40 °C at the same rate. The first applied Ts is chosen so
that the polymer will only self-nucleate (i.e. Ts would be high
enough to melt all the crystalline regions, except for small
crystals fragments and/or nuclei that can later self-seed the
polymer during cooling (around 120-122 °C)). After that, the
samples were heated once again up to a temperature 5-6 °C
below Ts and held for 5 min. The crystals not melted at this
temperature would anneal and some of the molten species would
isothermally crystallize at this new temperature. The remaining
molten crystallizable chains would only crystallize during the
subsequent cooling. This cyclic procedure was repeated by
heating the sample at a temperature 5-6 °C lower than that of
the previous annealing, until a heating temperature close to
40 °C was reached. Melting patterns of the samples thus
prepared were recorded at a heating rate of 10 °C/min. The final
heating scan after this thermal fractionation reveals a series of
multiple melting peaks (as shown in Fig. 3) that are a reflection
of the multiple mean lamellar thicknesses obtained. The general
procedure is similar to that represented in Fig. 1 and the condi-
tions used for the SSA are shown on in parenthesis in the first
column of Table 2.

3. Results and discussion

Four HPBs were used for this study, with average molecular
weights ranging from 29,000 to 125,000 g/mol. The modification of
the HPBs with the peroxide DBPH is assumed to progress according
to the general crosslinking and scission reactions scheme proposed
for the free radical mechanism [4,5].

The evolution of the number and weight average molecular
weights of the polymers modified with increasing peroxide
concentrations are reported on Table 1. In order to estimate the
relative rates of the scission and crosslinking that results from the
modification process, the mass fractions of polymer chains with
molecular weights higher and lower than the original polymers
was calculated from the areas of the MALS-SEC traces. This was
done for all those polymers modified with peroxide concentrations
lower than those necessary to reach the gel point [9]. The scission
process produces a fraction of molecules with molecular weights
lower than the corresponding to the original polymer that amounts
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Fig. 1. General description of the SSA technique steps.

between 3 and 5%. This fraction is very similar to the observed
when similar HPB are modified by high ionizing radiation [10].

Table 1 also reports the fraction of gel-expressed as
percentage of total mass-that was obtained for each of the HPBs
modified with peroxide concentrations beyond those necessary
to reach the critical gel dose. These results show that for this
system the critical dose required to reach the gel point depends
on the original molecular weight of the different HPBs as pre-
dicted by theory [29].

As an example of the general trend observed for the thermal
behavior of all the modified HPBs, the usual DSC traces for the
crystallization process of the original HPB-81 polymer and those
that correspond to the same material modified with different
amounts of DBPH are shown in Fig. 2a and b shows the corre-
sponding melting DSC outputs. For this HPB-81, 2.00 wt% DBPH
produces about 80% gel that remains semicrystalline. The forma-
tion of crosslinked junctions and the chain scissions induced by the
modification process change the length distribution of the crys-
tallizable regular polymethylene chains segments placed between
neighboring tertiary carbons that belong to branching or cross-
linking points. These changes alter the final lamellae thickness
distribution during crystallization. Consequently the melting and
crystallization temperatures are modified by the peroxidation
reaction.

The thermal properties for all the original and modified HPBs
polymers: melting temperature peak (Ty), crystallization
temperature peak (T.) and heat of fusion (AH) are reported on
Table 1. For all modified samples, increasing peroxide concentra-
tions cause reductions on T, and Ty, as well as on the enthalpy of
fusion. Crosslink points play two main roles on the changes
observed on the thermal properties. First, they act as defect
centers since they are not included in crystalline registry. Second,
the observed raise on the molecular weight as well as the topo-
logical restrictions caused by crosslink points may also difficult
some of the macromolecular chains short-range transport

Table 2

Melting peak temperatures for all melting endotherms obtained after the SSA
treatment (Figs. 3a-3d) as a function of self-seeding temperature (T;) and peroxide
concentration.

Material (Ts range) Tm (°C)
HPB-29 (117-62°C) T;(°C)  Concentration of peroxide (wt%)
0.00 0.30 0.50 1.00 5.00
111 1113 110.5 109.7 - -
105 105.6 106.8 104.8 108 -
99 100.7 101.2 100.4 101.8 102.9
93 95.8 96.3 95.6 96.6 98.6
87 90.8 91.2 90.8 91.6 93
HPB-45 (118-52 °C) 0.00 0.20 0.40 0.50 1.00
112 1114 111 1104 1119 -
106 105.2 105.3 104.5 106.1 108.5
100 99.1 99 98.4 99.3 100.4
94 92.9 92.8 92.6 93.1 94
88 86.9 86.8 86.5 87.2 88
HPB-81 (116-55 °C) 0.00 0.05 0.10 0.20 1.00 2.00

110 1106 1103 1104 - - -

105 1054 1053 1052 1064 107.1 -

100 100.1 999 100 1004 101.6 1004
95 947 94.8 94.9 94.9 95.7 95.9
90 896 89.7 89.7 89.9 90.6 90.2

HPB-125 (125-59 °C) 0.00 0.05 0.10 0.20 0.50 1.00
107 1079 1078 1086 109.1 1094 108.1
101 100.7 1008 1009 101.2 1024 102.6
95 944 94.3 94.4 94.6 95.6 95.1
89 882 88 88.2 88.6 89.4 89.1
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movements needed for the crystallization stage evolution to
occur. Both effects may decrease the crystal lamellar thickness and
the total amount of crystallizable linear polymethylene sequences.
Distributions of melting temperatures obtained by DSC, as shown
in Fig. 2, can be used to roughly estimate lamellar thickness
distributions. Employing this procedure the results are not
completely reliable, as crystallization at a finite cooling rate may
not be complete due to topological restrictions, and melting in the
presence of liquid HPB somewhat reduces the measured melting
temperature [30]. From this point of view, SSA results are much
better and precise since the self annealing stage minimizes the
mobility restriction effect of crosslink points acting as topological
obstacles.

Fig. 3a-d present the final melting runs after applying the SSA
technique to the materials under study. The SSA treatment applied
allows separation of between six and seven populations of lamellae
in the same thickness range in every sample. Each DSC peak
corresponds to the melting of crystallites with different average
thickness, which increases with melting temperature. Only those
temperature values capable of producing self-nucleation and
annealing are reported in Table 2 (Ts), since they are directly
responsible for the annealed crystals that subsequently melt during
the final heating. The melting points (Ty,) of all the populations
produced per sample are shown in the same table.
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Fig. 2. DSC heating (a) and cooling (b) scans at 10 °C/min for the original HPB-81 and
the modified polymers obtained.

Final melting peaks after SSA treatment, that reflects narrow
distributions of lamellae thicknesses, will depend on the crystal-
lizable polymethylene lengths available, and also on the set of T
temperatures chosen. The T set was kept to be almost the same for
all samples, to study true evolution of amounts of particular crys-
tallizable polymethylene sequences. As final melting maximum
temperature values change for peroxide treated samples, the
evolution of the peaks corresponding to the maxima on untreated
samples was followed by deconvoluting all DSC final melting
curves. Untreated samples rendered single deconvoluted peaks,
and peroxide treated samples were deconvoluted with the condi-
tion of finding true peaks centered at the same maxima as found for
untreated samples. Fig. 4 depicts typical results for HPB-81 treated
with 1.00 wt% peroxide. The partial areas corresponding to each of
the deconvoluted peaks are tabulated in Table 3. For example the
areas obtained from the deconvolution performed on Fig. 4 are
reported in the column identified as 1.00 in the row corresponding
to HPB-81. The original endotherm N° 2, centered at 105.4 °C for the
original HPB-81 is now decomposed in 2 peaks, with one of them
centered at 105.4 °C. Main discussion is centered on these peaks
evolution.

Table 3 shows the area fractions for the crystallite thicknesses
corresponding to each of the endothermic peaks found for the
original HPB, and reported on Fig. 3a-d. Areas under those peaks
were calculated from deconvolution of the SSA-DSC outputs shown
in Fig. 3a-d for the peroxide treated samples. Areas reported in
Table 3 correspond to the deconvoluted peaks centered at the peaks
of the SSA-DSC trace for the original polymer. In the case of the
original HPBs samples, as the polymers used have very similar
distributions of crystallizable chain lengths, the small peak
temperature shifts at the high temperature side of the SSA-DSC
trace are assumed to follow the small differences in the T
temperatures used for each sample.

The SSA-DSC endotherm areas are proportional to the mass
fractions of crystalline phase that are formed at each self-seeding
temperature Ts. The effect of a homogeneous modification reaction
on secondary carbons ought to be proportional to the mass of
available crystallizable regular polymethylene chains segments,
and thus associated changes in area fractions ought to be also
proportional to the original area. As already mentioned above,
crosslinking on methylene carbons is expected to reduce the
lamellae thickness that can accommodate the resulting poly-
methylene shorter sequences. As the longest crystallizable poly-
methylene sequences that form the thicker lamellae are the most
rapidly affected by the peroxide action, peroxide treated samples
show early changes in lamellae thickness populations associated
with the higher melting temperatures [31]. Chain scission at
methyne carbon atoms is expected to produce pendant poly-
methylene chains ends with at least one topological restriction
released, which may thus crystallize in lamellae thicker than the
original ones.

Another fact to be taken into account is that available samples
with different starting molecular weights have been treated with
different amounts of peroxide, because the original main focus
was the gel-forming effectiveness (a scale in the order of the
molecular contour length), and here we need to compare the
effect of peroxide attack on SSA-DSC traces (a scale about two
orders of magnitude smaller) at gel-forming stages that are
different for every sample. As an example, SSA-DSC traces for
sample HPB-29 shows large changes for 0.30 wt% peroxide, and
we need to compare it with sample HPB-45 treated with 0.20 wt%
and 0.40 wt% peroxide; differences of peroxide concentration are
in the order of 50%. Therefore, we focus our analysis mainly on
comparing those samples treated with similar peroxide
concentration.
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Fig. 3. Final DSC heating scans of an original and modified HPB-29 (a), original and modified HPB-45 (b), original and modified HPB-81(c) and original and modified HPB-125 (d).
Heating proceeded at 10 °C/min, starting from 40 °C after applying Successive Self-nucleation/annealing (SSA).

For modified HPB-29 samples, a peak broadening and a height
decrease are observed in the endotherm marked as 1 for the
sample modified with 0.3 wt% peroxide, as compared with the
original HPB-29 sample. For HPB-45 samples crosslinked with
0.20 wt% and 0.40 wt% of peroxide, some broadening is also
observed in the endotherm marked as 1. For the HPB-45 samples

22
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T
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Fig. 4. Final DSC heating scans for original HPB-81, and for HPB-81 modified with

1.00 wt% peroxide. Dotted curves show deconvolution results for sample HPB-81
modified with 1.00 wt% peroxide. Data for peak 2 is used for analysis.

Table 3
Partial areas (%) for each DSC scan in Fig. 3a-d (i.e. after SSA) as a function of self-
seeding temperature (T;) and peroxide concentration.

Material Partial area (%)
HPB-29 T, (°C) Concentration of peroxide (wt%)
0.00 030 050 1.00 5.00
111 41.5 9.9 49 35 -
105 14.0 11.2 50 17.7 -
99 115 142 112 39 96
93 8.4 9.2 9 125 16.6
87 6.7 6.9 58 78 79
HPB-45 0.00 020 040 0.50 1.00
112 37.0 389 359 152 6.2-
106 16.6 194 184 87 152
100 14.5 14.2 9.0 133 24
94 8.3 8.7 73 60 62
88 7.0 6.8 45 31 15
HPB-81 0.00 0.05 0.10 0.20 1.00 2.00
110 29 32.8 29.2 20.2- - -
105 18.1 193 19.8 16 23 -
100 12.4 12.7 13.1 35.8 10.2 26
95 7.1 9.7 8.8 11.5 133 225
90 3.7 52 5.7 6.2 8.5 123
HPB-125 0.00 0.05 0.10 0.20 0.50 1.00
113 129 7.6 5.0 - - -
107 36.5 449 44.0 55.5 27.6 27
101 12.9 138 94 17.0 10.6 36.4
95 9.9 9.9 10.2 9.1 5.5 10.0
89 4.5 44 53 49 8.6 8.8
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modified with 0.50 wt% and 1.00 wt% peroxide, an appreciable
change is observed, as high temperature endotherms are almost
eliminated. Similar effects can be observed for all samples used for
this work.

For all samples, the elimination of the highest temperature
SSA-DSC endotherms roughly coincides with the sudden
appearance of gel as the critical dose of peroxide to reach the gel
point in each of the polymers is surpassed. The fact that the
highest temperature endotherm is eliminated at widely different
peroxide doses for polymers with very similar branching distri-
bution indicates that physical hindrance caused by the introduc-
tion of long chains and crosslinks on the polymer structure is not
the main cause for this. These data rather points towards the
influence of the medium-range chain translation processes on the
chain folding needed for the crystallization process, which may be
reduced for chains tightly packed in the melt, as is the case for
polymers with high contour length concentration like poly-
ethylene [32]. The presence of gel in the structure further reduces
the reptation-like mobility of chains at the annealing stage of the
SSA process, thus reducing the formation of the thicker lamellae.
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Fig. 5. Area fractions vs. lamellar thickness for original HPBs and modified with
0.50 wt% peroxide (a). Area fractions vs. lamellar thickness for original HPBs and
modified with 1.00 wt% peroxide (b).

Polymethylene chains lengths forming the crystals that melt at the
highest temperatures contain at least 60 carbon atoms, 1.5 times
the average polymethylene sequence lengths for these polymers,
and amount to only 2.3% of all polymethylene sequences [33].
Thus, small restrictions to the chain reptation at the annealing
stage can prevent this small number of sequences to form crystals.
Elimination of the higher temperature SSA-DSC endotherms is
followed by an increase of the peak height of the lower temper-
ature neighboring endotherm, and this process must be associated
with shorter methylene sequences that become available for
crystallization, or longest methylene sequences that can no
reptate far enough for crystallization in thicker lamellae. For
higher peroxide contents, lamellae that melt at the higher
temperatures are successively eliminated, due to the same effects
mentioned above.

The final heating run after an SSA treatment exhibits a series of
melting peaks that correspond to the number of SSA cycles where
annealing was promoted. Thompson-Gibbs equation [34] was used
to calculate crystallite thickness from melting temperature:

20T

= AH, (T9, - Tm)

(1)

The values reported by Starck [34] were assumed to be constant:
lamellar surface free energy (o: 0.07 ] m~2), enthalpy of fusion for
infinitely thick crystallite (AH: 288.10° ] m~3) and equilibrium
melting temperature (T%: 414.5 K).

Fig. 5a-b show the most important points of the distributions of
lamellae thickness calculated with Equation (1). Only samples
treated with equal peroxide concentration are compared in each
figure. Abscissa denotes crystallite thickness, and ordinate corre-
sponds to area fractions. The common feature to be observed is that
the qualitative description suggested earlier for the effects of the
peroxide attack is experimentally verified. For each of the samples
analyzed, for these peroxide concentrations range the effects
consist of simultaneous reduction of the thicker crystallite pop-
ulation and increase of the crystallite population that follows closer
at lower crystallite thickness.

4. Conclusions

A calorimetric SSA based technique can be used to study semi-
crystalline solid structural variations in crosslinked ethylene-
butene copolymers. The evolution of crystal size populations with
the degree of the peroxide modification process can be explained
by considering the increasing concentration of crosslink sites that
alter the length and mobility of the methylene chains.

The SSA methodology is proposed as a complementary tool to
other characterization techniques suitable of collecting experi-
mental data for modeling verification. However, qualitative infor-
mation can be gathered using SSA alone to study crosslinking
processes. For processes where crosslinking is the predominant
reaction, the decrease in SSA peak area fractions will be propor-
tional to the peak area fractions measured for the unmodified
polymer. Molecular modeling is needed to quantify the effects
observed by SSA.
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