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ARTICLE INFO ABSTRACT

Series of metal based polyurethanes (PUs) have been synthesized from hydroxyl terminated polybutadiene
(HTPB) with combination of a potential energetic material, 2,4-dinitrobenzene (DNB) and burn rate (BR) en-
hancer, ferrocene with two objectives: (1) exerting flexibility into otherwise brittle PU film and (2) increasing BR
of composite solid propellant (CSP). HTPB was first functionalized with DNB at the terminal carbons and then
ferrocene was grafted radically as poly (vinyl ferrocene) (PVF) chain onto the pendant vinyl bond of HTPB. The
degree of PVF grafting was altered by appropriate reaction recipes to find out the effect of Fe content on various
physical properties including fluidity of the HTPB. Density function theory (DFT) calculation showed that the
dominating intra-chain interactions over inter-chain owing to the strong interactions between NO, of DNB and
cyclopentadiene of ferrocene are the driving force for improvement in various physical properties of PVF-
grafted-HTPB-DNB. Cyclic voltammetry (CV) measurement showed one electron reversible redox behavior of the
grafted PVF polymer chain with slow electron transfer process. Further the mechanical stability, thermal sta-
bility and properties of PUs have been studied thoroughly; the results indicated a strong influence of DNB and
ferrocene in the chains on the physical properties. All the DNB modified PU membranes displayed exceptionally
enhanced flexibility along with much lower T, value compared to neat PVF-g-HTPB-PU. The presence of DNB at
the chain end of soft segment (SS) causes strong segmental mixing between SS and hard segment (HS) domains
which helps in enhancing the elasticity of SS chain by increasing the inter polymer chain distance. Morphology
of the hard segment domains formation has been probed by small angle X-ray scattering (SAXS) and further
confirmed by FESEM. Burn rate of composite solid propellant made from the HTPB-DNB-g-PVF binder is found to
be ~18% larger than the HTPB-DNB.
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1. Introduction

The global consumption of polyurethane (PU) based materials is
growing rapidly for the use in various applications like surface coatings,
high performance elastomers, bio-materials, synthetic fibers, auto-
motive suspension bushing, aerospace and so on [1-3]. Recently, metal
based PU is the subject of extensive research because of the unique
properties owing to the presence of metal in the polymer chain. Sig-
nificant numbers of reports are now available with complete descrip-
tion of synthesis, properties and applications [4-7]. Ferrocene func-
tionalized metallo-polyol has been used in order to increase burning
rate (BR) of composite solid propellant (CSP) [8,9]. However, sub-
limation while processing, migration and phase separation by
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crystallization during storage and sensitivity toward aerial oxidation
are the main drawbacks of ferrocene based catalysts to be used in CSP
[8-10]. To overcome these problems, several attempts have been made
for covalent linking of ferrocene derivatives such as vinyl ferrocene,
ferrocenyl silane, acetyl ferrocene etc. onto the polymeric binder such
as hydroxyl terminated polybutadiene (HTPB) [11-13]. However, the
high viscosity build-up of these ferrocene linked HTPB on storage
causes several hurdles such as poor loading, brittleness and mechanical
failures of the resulting CSP [14,15]. All the modifications of HTPB
reported so far are relied on the grafting of ferrocene derivatives at the
pendant vinyl position which alters the microstructure (relative ratio of
cis, trans and vinyl content) of HTPB and hence causes the change in
the physical properties of HTPB and thus the CSP made from it [16-19].
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Therefore, it is a challenge to attach ferrocene derivatives to the HTPB
backbone by keeping intact the various physical properties almost si-
milar like parent HTPB.

Ferrocenyl groups are known to impart stiffness on the flexible
polybutadiene backbone and thus very poor flexibility of the resulting
materials was observed with increased Fe content [11,12]. Though
many groups had figured out how to improve the mechanical strength
(yield strain) of HTPB based PU films [17,20-23] but no efforts were
found in literature to improve the flexibility of HTPB based PU films
with high Fe content. Very recently, our group has been successful in
controlling the viscosity of ferrocene grafted HTPB with improved
mechanical properties [24,25]. But further improvement in Fe loading
is needed with good control on viscosity and higher mechanical
strength of PUs for the use in CSP.

Earlier our group have also explored the influence of terminal
functionalization of HTPB on the structure-property (particularly on the
mechanical property) relationship of HTPB-PUs using both hydrogen
bonding and non-hydrogen bonding functional moieties without al-
tering the inherent properties of parent HTPB [26-29]. We have shown
that the nitro functionality containing molecules such as dinitrobenzene
(DNB) when attached to terminal position of HTPB is responsible for
segmental mixing through hydrogen bonding interactions which in turn
improves both tensile strength and elongation of PUs simultaneously
[26]. Water dispersible PU (WDPU) developed from HTPB-DNB also
displayed superior properties like hydrophobicity, mechanical strength,
antibacterial activity etc. [31,32].

These observations, as noted above, motivated us to investigate the
effect of enhanced segmental mixing on various physical properties of
ferrocenyl based HTPB-DNB-PU owing to the presence of DNB and
grafted PVF in the HTPB. Hence in this article, we have modified HTPB
by attaching DNB functionality at the terminal position followed by the
grafting of poly (vinyl ferrocene) (PVF) at the pendant vinyl bond of
HTPB. We expect to get control over viscosity build-up as well as in-
crease in the flexibility of resulting PU films which might happen due to
the preponderance of intra-polymer chain interactions between DNB
and PVF chains over inter chain interactions throughout the polymer
matrix. Very few literature also reported the electrochemistry studies of
ferrocenyl based burn rate catalyst [33,34]. To the best of our prior
knowledge this work is going to be the first report on the investigation
of the redox property of ferrocenyl polymer attached with HTPB matrix.
Overall, poly (vinyl ferrocene) grafted HTPB-DNB (PVF-g-HTPB-DNB)
with a combination of potential energetic material DNB which is cap-
able to impart some energy to inert HTPB and PVF which can enhance
the burn rate property, can be an unique potential binder for rocket
propellant in near future.

2. Experimental section

2.1. Synthesis of poly (vinyl ferrocene) grafted HTPB-DNB (PVF-g-HTPB-
DNB)

DNB groups were attached to HTPB terminal position by following
terminal functionalization methodology [30] as developed by us ear-
lier. Then vinyl ferrocene (VF) was grafted as PVF chain at the pendant
vinyl position of HTPB-DNB by following a clue from the reported lit-
erature [35] and modified it substantially. Briefly the procedure was as
follows: 3 g (0.536 mmol: calculated based on the molecular weight
obtained from GPC analysis) of vacuum dried HTPB-DNB was dissolved
in 10 mL of dry toluene in a two neck round bottom flask. 0.051 g
(0.268 mmol) of VF was added to this solution in the presence of ni-
trogen atmosphere. 0.039 g (0.268 mmol) of AIBN was added to the
stirring solution and placed in a preheated oil bath at 75 °C under ni-
trogen atmosphere. The reaction conditions were varied in terms of
equivalents of VF with respect to HTPB-DNB and reaction time as de-
tailed in Table 1. The PVF grafted HTPB-DNB (PVF-g-HTPB-DNB) was
precipitated by methanol from the reaction mixture. Then the resulting
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product was re-dissolved in hexane and precipitated repeatedly using
methanol until it was completely free from VF and AIBN. Finally, the
obtained product was dried under vacuum at 60 °C for 6 h to remove
the last traces of solvent. The brown colored viscous liquid grafted
polymer was stored in a closed flask for further use.

2.2. Synthesis of polyurethane (PU) from PVF-g-HTPB-DNB

In a two neck round bottom flask, 3 g (0.516 mmol: calculated based
on the molecular weight obtained from GPC analysis) of prepolymer
was dissolved in 30 mL of anhydrous THF under nitrogen atmosphere.
After stirring for 15 min, 0.49 g (2.2 mmol: based on equivalents cal-
culated from hydroxyl value of prepolymer) of isophorone diisocyanate
(IPDI) was added and stirred at room temperature for 30 min under
continuous nitrogen flow. We kept the -NCO to —OH ratio as 1:1 for all
the PU systems. The hydroxyl value of prepolymer was measured to
calculate the moles of —-OH present in the prepolymer samples. After
30 min, catalytic amount of DBTDL was added as a catalyst and the
whole reaction mixture was stirred for another 3 h at room temperature
under nitrogen atmosphere. The progress of the reaction was monitored
by FT-IR spectroscopic analysis where disappearance of the isocyanate
peak at 2270 cm ™' was observed after PU formation. The brown co-
lored viscous polymer solution was then transferred into a clean flat
based petri dish pre-coated with silicone releasing agent and the reac-
tion (curing) was continued at 70 °C for 5 days to obtain a free standing
PU film.

All details of materials source and the various characterization
techniques are described in the Supplementary material.

3. Results and discussion
3.1. Synthesis of PVF-g-HTPB-DNB

The synthesis of PVF-g-HTPB-DNB was carried out via the free ra-
dical reaction pathway with radical initiator AIBN as shown in Scheme
1. At first HTPB-DNB was synthesized by covalently attaching DNB at
the terminal carbon of HTPB polymer backbone by using terminal
functionalization technique which is already established by our group
[30,36,37]. Then free radical grafting of VF was performed onto the
pendant vinyl bond of HTPB-DNB backbone as discussed in the ex-
perimental section. The mechanism of free radical grafting proceeds in
such a way that VF is attached as a growing PVF chains onto HTPB-
DNB. We have altered the VF equivalents and the reaction time to tune
the viscosities of resulting prepolymer and also to vary the net Fe
content in the product. Several parameters such as molecular weight,
polydispersity (P), viscosities, Fe content and hydroxyl values of the
products were measured and listed in Table 1. All the changes in var-
ious physical parameters due to successful grafting of ferrocene func-
tionality onto butadiene backbone are seen. For example, with in-
creased reaction time as well as increased monomer equivalence, both
iron content and viscosity of the product increases. The increase in
molecular weight is observed along with gradual decrease in hydroxyl
value but up to a certain extent. All the parameters show reverse trend
beyond 6 equivalent of VF. Ferrocenyl polymer known to cause higher
crosslinking in HTPB polymer matrix [4] and as expected higher visc-
osity build-up during storage was observed with higher amount of iron
content in the sample [3,11,38]. In order to optimize the viscosity
build-up on storage, we have varied the reaction time up to a certain
extent with gradual increase in monomer equivalence (Table 1). It is
important to note that the change in the viscosity values on storage as
shown in Table 1 measured after two months of storage. All the PVF-g-
HTPB-DNB (abbreviated as FHD) samples shows an increase in viscosity
on storage but still within the measurable limit and samples remain
fluidic. But in case of PVF-g-HTPB (FH) sample (entry 2 in Table 1)
becomes sticky solid for which viscosity could not be measured. The
reason for this will be discussed in the following section



M. Dhara, et al.

Table 1
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Variation in reaction conditions and various physical parameters of the all PVF-g-HTPB-DNB (FHD) samples including HTPB-DNB (HD, first entry) and PVF-g-HTPB

(FH, 2nd entry).

Sample identity ~Reaction time (h) [VF] (equivalent) pz,* B°

Viscosity (cp) at 30 °C°  Viscosity (cp) at 30 °C°  Hydroxyl value (mg KOH/g) ¢  Fe content (Wt %)°

HD 24 - 5600 2.53 5600
FH 17 0.5 6190 2.67 5809
FHD1 4 0.5 5811 2.16 6670
FHD2 4 1.5 6332 2.22 5696
FHD3 4 3 8530 1.87 7841
FHD4 4 6 5749 2.6 9883
FHD5 6 0.5 5818 2.55 5100
FHD6 6 1.5 6795 2.21 6346
FHD7 6 3 6440 2.25 6622
FHD8 6 6 5699 2.45 8292
FHD9 17 0.5 6290 2.69 5308
FHD10 17 1.5 8143 1.76 7020
FHD11 17 3 7395 2.0 8287
FHD12 17 6 6291 2.8 10,989

5669 42.5 0.0
sticky 27.56 0.83
7880 41.78 0.52
10,662 36.33 0.92
12,892 18.37 2.2
10,640 23.58 0.88
9620 37.09 0.65
9447 37.42 1.0
10,913 29.52 1.1
8957 40.52 0.87
8332 37.9 0.91
12,501 23.05 1.9
11,530 22.33 1.4
13,953 23.62 1.2

& Number average molecular weight (M,) and dispersity (D) are obtained from GPC analysis. All the GPC chromatograms are shown in Supporting Fig. 1.

> Measured immediately after preparation.
¢ Measured after two months.

4 Measured by following acetylation method, which involves the replacement of a hydrogen of hydroxyl group by acetyl group.

¢ Obtained from atomic absorption spectroscopic (AAS) analysis.
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Scheme 1. Synthesis of HTPB-DNB, poly (vinyl ferrocene)-grafted-HTPB (ab-
breviated as PVF-g-HTPB), poly (vinyl ferrocene)-grafted-HTPB-DNB (abbre-
viated as PVF-g-HTPB-DNB). To make the representation easier HTPB-DNB,
PVF-g-HTPB, and PVF-g-HTPB-DNB have been abbreviated as HD, FH and FHD,
respectively for the remaining part of this articles.

Pristine HTPB-DNB (HD), PVF-g-HTPB (FH) and few selected PVF-g-
HTPB-DNB (FHD) samples have been used to make PUs with IPDI using
DBTDL as catalyst. All together five PU films were prepared in anhy-
drous THF solvent followed by curing for 5 days at 70 °C keeping the
stoichiometric ratio between -NCO/-OH constant and equal to 1:1. The

gd &9

PVF-g-HTPB-DNB (FHD)

0=C=N>E§‘N=C=O

1. THF, DBTDL
2. RT, 30 mins to 3h
3. Curing for 5 days at 70°C

.

PVF-g-HTPB-DNB-PU (FHDPU)

Scheme 2. Synthesis of PVF-g-HTPB-DNB (FHD) based polyurethanes (PU).
These samples are abbreviated as FHDPU(XX) where XX indicate the Wt.% of Fe
in the FHD samples.

reaction scheme for the PU synthesis is represented in Scheme 2.

3.2. Spectroscopic study

The FTIR spectra of HTPB-DNB (HD) and PVF-g-HTPB-DNB (FHD)
samples are presented in Fig. 1. The characteristic peaks for HD ap-
peared at 969 em ™!, 887 ecm ™! and 753 cm ! (Fig. 1A) which corre-
spond to 1,4-trans, 1,2-vinyl and 1,4-cis microstructure of poly-
butadiene backbone, respectively [30]. After grafting the PVF chains,
the 1,2 vinyl peak intensity at 887 cm ™! gradually decreases while a
prominent shift has been observed for the peak at 753 cm™ 11,4 cis) to
699 cm ™! with huge decrease in peak intensity. It is clear from Fig. 1A
data that grafting of VF has occurred at the pendant vinyl bond which
also mainly affects the cis-microstructure of the DNB modified



M. Dhara, et al.

(A)

FHD1(0.52) ~ 1324

FHD5(0.65)

Transmittance (%)

FHD9(0.91)

1750 1500 1250 1000 750

Wavenumber (cm?)

European Polymer Journal 122 (2020) 109380

1256
« (amide 1I1)

1452

®)

FHDPU1(0.52)

Transmittance (%)

1720 !

1639 1559 |
(amide lI): -
1306 : " FHDPU9(0.91)
1085
1750 1400 1050 700

Wavenumber (cm™)

Fig. 1. FTIR spectra of (A) HTPB-DNB (HD) and PVF-g-HTPB-DNBs (FHD), (B) HTPB-DNB-PU (HDPU) and PVF-g-HTPB-DNB-PUs (FHDPU). Sample names are
indicated in the figure. Amount of Fe content in the sample is mentioned in the parenthesis after the sample name.

polybutadiene backbone. Another characteristic peak of HD appears at
1349 cm ™! which corresponds to asymmetric stretching of -NO, of
DNB moiety [30] displays peak broadening and shifting to 1324 cm ™!
indicating the involvement of -NO, in interactions with grafted PVF.
For higher reaction time, most probably because of higher Fe content in
the sample FHD9 (0.91) (Fig. 1A) and due to even more interactions the
characteristic peak at NO, becomes broader and weaker. This interac-
tion between PVF and NO, of DNB also affects the OH stretching fre-
quency of FHD which shifts towards higher frequency (3396 to
3412 cm ™) (Supplementary Fig. 2A) attributing to the fact that grafted
PVF decreases the extent of hydrogen-bonding between -NO, and -OH
by increasing the interactions between PVF chain with -NO,. However,
we did not see the similar observations in case of FH sample (data is not
shown here) where DNB is not present. These results together indicate
that this increased interaction between NO, and PVF helps in reducing
a substantial increase in viscosity built up in case of FHD. But no such
interaction happens in the absence of NO, in case of FH which helps to
build up very high viscosity on storage and it becomes solid like sticky
mass as shown in Table 1. A more detailed discussion on these inter-
actions will be discussed in the forthcoming section.

After curing with IPDI, the characteristic peak of -OH at
3396-3412 cm ™! completely disappeared and two new bands appeared
in principle vibrational region i.e. at 3324-3341 cm ™! for amine (-NH-
) stretching (Supplementary Fig. 2B) and at 1720 cm™* for carbonyl
peak of the urethane segment (Fig. 1B). The peak at 1639 cm ™' cor-
responds to the carbonyl frequency of those which are involved in
hydrogen-bonding within the PU matrix and 1085 cm ™! correspond to
C-O-C stretching band for the linkage between —OH and -NCO to form
urethane bond [38,53]. A shift for the amide III and amide II band at
1256 cm ™! and 1559 cm ™! of HTPB-DNB towards higher wavelength
upholds the fact that the hydrogen-bonding between DNB and urethane
amide linkage in PU matrix gets disturbed by grafted PVF chain [38].
And the gradual broadness of the characteristic symmetric and asym-
metric stretching frequency of -NO, at 1452 cm ™! and 1306 cm ™!
ascertains the gradual increased interaction of -NO, with grafted PVF
chain [26].

'H and '3C NMR spectra of HD and FHD along with VF in CDCl; are

shown in Fig. 2. 'H NMR spectrum of HD shows resonance peaks at
~7.78, ~8.37 and ~8.75 ppm correspond to aromatic region of DNB
moiety which is clearly present in FHD also. Signals appear at
~4-4.4 ppm in case of VF are assigned to the cyclopentadiene ring
protons of VF. However, HD also shows the peaks in the similar region.
From Fig. 2A, it is clearly visible that due to presence of both ferrocene
and DNB, the peak intensity at ~4-4.4 ppm increases prominently in
case of FHD with stronger intensities than HD. The other chemical shift
regions of HD at § = 2-2.1, 3.4-4.2 and 4.9-5.6 are exactly similar
with parent HTPB [26,30] which mainly correspond to the cis, trans-
1,4-unit and vinyl-1,2-unit protons. Some of these peaks are not shown
here for better representation. Similarly, **C NMR further confirms the
structure of the FHD. As shown in Fig. 2B, the resonance peak of fer-
rocene in case of FHD appears at ~69 ppm which is matching with the
resonance peak of ferrocene carbon of VF. Representative peaks for
DNB appears at 133.8 and 141 ppm which also present in FHD sample
implying the confirmation of grafting of PVF onto HTPB-DNB polymer
backbone.

3.3. Theoretical study

To understand the origin of the interactions between cyclopenta-
diene and NO, functionality, as evident from IR and NMR studies, we
carried out theoretical calculation using density function theory (DFT).
Theoretical evaluation using DFT has been performed on two important
moieties of polymer chain and these are 2, 4-dinitrobenzene (DNB) and
ferrocene, to understand their function in the polybutadiene chain. The
physical parameters obtained through DFT calculations using Gaussian
package (GAUSSIAN-09) of these two units are shown in Table 2. Fer-
rocene has approximately zero dipole moment (0.0004 Debye, Table 2)
and high polarizability of 33 Bohr® which is obtained from DFT cal-
culation. Because of this high polarizability, ferrocene molecule can
easily interact with another ferrocene unit through instantaneous in-
duced dipole interactions (London dispersion force). This dispersion
force energy can be calculated using the equation.
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Fig. 2. (A) 'H NMR and (B) *C NMR spectra of HD, FHD and VF. NMR spectra were recorded using CDCl; as a solvent.
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where, I is ionization energy, r is intermolecular distance between two
ferrocene unit which is considered as 0.3 nm and a is polarizability of
ferrocene molecule. Dispersion energy of interaction obtained from the
above equation for ferrocene is found to be 17 kJ/mol per pair. Because
of this type of strong interactions, ferrocene has strong inter interac-
tions with other ferrocene unit throughout the polymer matrix and
results very high viscosity in case of PVF-g-HTPB (FH) sample. The most
profound aspect is that these non-covalent interactions between the
ferrocene units are quite higher even almost equivalent to hydrogen
bonding interactions.

However, once DNB comes into the frame of FH as in FHD, owing to
the high electron affinity (201 kJ/mol) and high dipole moment (4.39
Debye) of DNB (Table 2), DNB instantaneously interacts with highly
polarizable ferrocene unit available within the same polymer chain
(Fig. 3) and indirectly reduces the extent of London dispersion force
among ferrocene moieties for further inter interactions. This fact is also
supported by the lower ionization value of ferrocene unit (698 kJ/mol,
Table 2). Because of lower ionization value ferrocene moiety can easily
interact with DNB through its electron cloud as graphically shown in
Fig. 3. There will be possibility of both intra and inter interactions
throughout the polymer matrix but intra will be dominated as soon as
DNB grafted onto the FH backbone (as it is in FHD sample) and will
help to minimize the inter polymer chain crosslinking. So, this theo-
retical calculation clearly certifies that dominance of intra over inter
interactions in presence of DNB molecule in the FHD polymer matrix
perhaps helps in controlling the viscosity increase. But in absence of
DNB as in case of FH, the viscosity increases because of strong inter-
chain interactions. In the following section, we will see how this

Table 2
Physical parameters obtained from DFT calculation.

Ferrocene

Fig. 3. Graphical view of interactions between DNB and ferrocene ring.

interaction helps in modulating electrochemical properties of FHD.

3.4. Electrochemical study

Cyclic voltammetric (CV) waves showing both oxidation and re-
duction peaks were recorded for monomer (VF), FH and FHD samples
with different Fe content in CH,Cl, solution. Fig. 4 depicts the current-
voltage scan of samples obtained at 20 mV/s scan rate. The cyclic
voltagramms show oxidation peaks at 537 mV to 597 mV and reduction
peaks at 358 mV to 455 mV. Various electrochemical parameter ex-
tracted from the CV waves (Fig. 4) are presented in Table 3 for better
clarity. Both anodic current (I,,) and cathodic current (I,.) values are
increasing with increasing Fe content in the FHD samples (Table 3), this
observation is consistent with the increase of number of electroactive
ferrocene groups per polymer molecule. The difference between anodic
and cathodic peak potential (AE,) of FHD samples found to be sig-
nificantly higher than VF and FH, and increasing with increasing Fe

Molecule of interest Type of calculation Basis set Electron affinity (kJ/mol) Ionization energy (kJ/mol) Dipole moment (Debye)
DNB B3LYP/DFT aug-ccpvdz 201 986 4.39
Ferrocene B3LYP/DFT Fe : LANL2DZ C, H: 631 + G* -16 698 0.0004
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Fig. 4. Cyclic voltagramms of PVF-g-HTPB-DNB (FHD) samples along with
vinyl ferrocene (VF) and PVF-g-HTPB (FH) in CH,Cl, solution. Fe content in the
samples is indicated in the parenthesis after sample name. CV were recorded by
scanning 800 mV to —200 mV with scan rate of 20 mV/s. 10 mg/ml polymer
concentration was used, however for VF 1 mg/ml concentration was used.
10 mmol/L tetrabutylammonium perchlorate was used as supporting electro-
lyte in N, atmosphere. Pt electrode was used as working electrode and Ag wire
was used as reference electrode.

content in FHD samples. This attributes the slow electron transfer
process compared to an ideal Nearstian system [39-42] owing to the
strong interactions between cyclopentadiene rings and DNB as dis-
cussed in earlier sections. Table 3 data also clearly shows that the
anodic (oxidation) potential (Ep,) values are increasing with Fe content
in the FHD indicating that the oxidation becoming more difficult in
presence of higher ferrocene content in the backbone of polymer chain.
This is because of the fact that the electron cloud of cyclopentadiene is
getting pulled by DNB molecules as discussed from our DFT study
making the Fe*? of ferrocene relatively electron deficient and hence
higher E, is obtained. Similarly, we observed the reverse results de-
creasing cathodic (reduction) potential (E,.) as Fe content increase.

3.5. Mechanical properties of polyurethane obtained from FHD

To investigate the influence of DNB, ferrocene and their interactions
in the mechanical properties of PVF grafted HTPB-DNB based PUs
(FHDPU), few selected FHD samples were converted into PU films and
stress-strain profiles were obtained (Fig. 5). Various parameters such as
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Fig. 5. Stress-strain plots of PVF-g-HTPB-PU (FHPU), HTPB-DNB-PU (HDPU)
and PVF-g-HTPB-DNB-PUs [FHDPUs (0.52-2.2)]. Fe content in the sample is
given in the parenthesis after the samples name.

tensile strength (o0},), % elongation at break (e,), Young’s modulus (E)
and toughness were obtained from Fig. 5 are listed in Table 4. The
effective cross linking density (N) was also estimated and tabulated.
Fig. 5 and Table 4 data show clearly that elongation at break (ep) in-
creased remarkably from FHPU to FHDPU in which DNB is present. This
observation can be explained using our DFT calculation results as dis-
cussed earlier. The presence of DNB which has very high electron af-
finity (193 kJ/mol) helps to minimize the inter polymer chain cross-
linking through intra interactions of highly polarizable ferrocene unit.
These strong intra interactions between DNB and ferrocene help to
diminish the effective crosslinking density (Table 4) in the resulting PU
matrix and help to obtain more flexible film rather than rigid and hard
film. In addition, DNB helps in increasing segmental mixing through
extra supramolecular hydrogen bonding between the soft segment (SS)
chain end and urethane linkages at the hard segment (HS) region as
demonstrated by us earlier [26]. But in case of FHPU, no segmental
mixing expected in between polar urethane groups and non-polar PVF
chain, rather high rigidity observed throughout the polymer matrix.
This fact is attributed to strong intermolecular attraction of hard-to-
hard segments as well as higher degree of crosslinking of PVF attached
SS chain [4]. Thus the FHPU displays much higher effective cross-
linking density to very high Young’s modulus (Table 4). But the mo-
ment DNB causes segmental mixing through supramolecular hydrogen
bonding with urethane groups, crosslinking density also increases at the
HS area compared to FHPU. This helps to increase the inter polymer
chain distance and reduce the tendency of crosslinking in the polymer
matrix which occurs through inter interaction between the grafted PVF.
This effect allows the SS to be more flexible to achieve better elonga-
tion. Table 4 indicates that with the increase in Fe%, tensile strength

Table 3

Electrochemical parameters of the PVF-g-HTPB-DNB (FHD) in CH,Cl, solution.
Sample Identity (% of Fe) Epa (mV) Epe (mV) E1/2 (mV)* AE,;, (mV) Ipa (HA) Lpe (HA)
VF 556 (1.41) 455 (0.47) 505.5 (0.62) 101 (1.7) 2.8 x 107! 1.05 x 107!
FH 564 (4.64) 449 (5.66) 506.5 (4.77) 115 (4.02) 1.23 x 107! -1.01 x 1072
FHD9(0.91) 542 (8.01) 373(8.52) 457.5 (8.25) 169 (0.94) 2.99 x 107! 1.50 x 107!
FHD12(1.2) 597 (0.94) 410 (1.63) 503.5 (2.35) 187 (2.82) 3.84 x 107! 9.19 x 1072
FHD11(1.4) 537 (2.62) 358 (1.63) 447.5 (0.85) 179 (4.03) 3.83 x 107! 9.86 x 1072
FHD10(1.9) 594 (3.77) 371 (0.94) 482.5 (1.23) 223 (0.94) 6.86 x 107! 1.34 x 107!

Note: All the values are averages of at least three independent measurements. Standard deviations are shown in the parentheses after the data.

@ Ey/» values are obtained from the E,, and E,. by averaging their values.
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Table 4

Various parameters obtained from tensile study of PVF-g-HTPB-DNB PUs (FHDPU).
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Samples Tensile strength (o,, MPa) Elongation at break (ep, %) Toughness (MPa)® Young Modulus (E, MPa)® Effective cross linking (N, m~%)°
FHPU 4.626 3.974 12.07 1.89 1.52 x 10%°

HDPU 4.44 338.68 1152.53 0.076 6.11 x 10'®

FHDPU(0.52) 3.63 184.9 372.59 0.038 3.06 x 10'®

FHDPU(1.1) 7.285 446.03 1877.84 0.034 2.73 x 108

FHDPU(2.2) 5.82 146.88 501.05 0.114 9.1 x 10'®

@ Calculated by integrating the area under stress-strain plot.
> Calculated from the slope of the linear portion of the stress-strain plot.

¢ Estimated according to equation N = E/(3RT), where E is the Young’s modulus, R the gas constant (8.314 J mol™! K™1) and T the absolute temperature in

Kelvin.

and elongation at break of FHDPU increases. As Fe% increases, the intra
polymer interactions started dominating over the inter interactions and
hence flexibility of SS chain increases. However, at higher Fe% such as
in case of FHDPU (2.2), we observed reverse trend, may be due to inter
interactions are dominating after a certain amount of Fe content.

3.6. Thermal analysis of the modified PUs

The thermal degradation of most of the samples displays two dis-
tinct regions of weight loss (Fig. 6) which is a common feature of this
type of PU based on HTPB [26-28]. In the first stage degradation of
HDPU started at around~247 °C and reached up to-340 °C with near
about 14% weight loss due to the decomposition of urethane linkage in
the HS domain, while this range is shifted to lower temperature by-20
°C, i.e. 224 °C to 319 °C for ferrocene modified samples which illustrates
the catalytic effect of ferrocene moieties on the thermal decomposition
of the hard domains. Although the NCO/OH remains constant for all of
the samples, different amount of HS degradation has been observed,
most likely because some chain scissions in the SSs simultaneously
occurred along with depolycondensation of the urethane linkages at
this first degradation stages [43]. The second degradation stage i.e. the
major decomposition region for all the HTPB-based PUs started de-
composing at ~415 °C up to ~483 °C with more than 80% weight loss
for HDPU while for organometallic PUs (FHPU and FHDPUs) it is
starting at lower temperature, i.e., 367 °C to 483 °C due to catalytic
effect of ferrocene. This second stage mainly is associated with the
degradation of polybutadiene segments. Finally, derivative weight%
plots i.e. DTG curves (Fig. 6B) explicitly indicate that due to the pre-
sence of ferrocene all the FHDPUs and FHPU started decomposing much
earlier than parent HDPU especially at the major degradation region.
Another aspect also can be analyzed particularly from the DTG curves

(A)

80 4

_ |—FHPU
£ 604 — HDPU
£ |—FHDPU(0.52)
= 4] —FHDPU(1.1)
— FHDPU(2.2)
204
0 T T T
100 200 300 400 500
Temperature (°C)

derv (W% /°C)

(Fig. 6B) i.e., all the char residues after complete decomposition are
more for organometallic based PUs rather than HDPU which is an in-
direct proof of grafting ferrocene moiety onto the polymer matrix.
The degradation pattern obtained from TGA and DTG measure-
ments are in well agreement with the heat change profile obtained from
DSC analysis under nitrogen atmosphere (Fig. 7A). The DSC thermo-
grams of FHDPUs show an exothermic peak between 127 and 145 °C
while FHPU displays exothermic peak at 135 °C (Fig. 7A). The presence
of ferrocene and DNB in the system causes significant changes in DSC
profiles. DSC exotherm as obtained is most possibly corresponds to the
positive energy balance of endothermic depolymerisation, exothermic
cyclization and oxidative crosslinking processes [35,43]. But for HDPU,
the exothermic peak appears at about 275 °C only. So it is clear from the
data that both DNB and ferrocene has significant influence on the ap-
pearance of exothermic peak of FHDPU system. The DSC evaluations
have been further studied to see the phase segregation between HS and
SS domains (Fig. 7B). Glass transition temperature of SS domain (Tg.ss)
of all the PUs has been found to be varied from —77 to —66 °C (Fig. 7B,
Table 5). As expected in absence of DNB, FHPU displayed the highest T,
value at —66.46 °C (Table 5). For FHDPUs, the observed T, differences
of the resulting polyurethanes can be explained in terms of Fe content
variation. FHDPU(0.52), which contains least Fe amount, showed the
highest T, among all the FHDPU which is quite obvious because of
highest segmental mixing for the lowest amount of Fe in presence of
DNB [44]. For higher chain length intra and inter polymer chain in-
teractions playing the key factor to have different T, value. Among all,
FHDPU(1.1) showed the lowest T, which again because of the pre-
ponderance of intra interaction between DNB and PVF chain over inter
polymer crosslinking resulting an increase in the mobility of polymer
chain soft segments. For further higher Fe content than FHDPU(1.1),
again inter polymer interaction is prevailing than the intra, because of

——FHPU ®)
——HDPU

——FHDPU(0.52)

——FHDPU(L.1)

——FHDPU(2.2)

2.04

1.5+

T T
300 400 500
Temperature ('C)

Fig. 6. (A) TGA and (B) DTG curve of FHPU, HDPU and FHDPUs(0.52-2.2).
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Fig. 7. DSC thermograms of FHPU, HDPU and FHDPUs of their indicated Fe %; in the temperature range: (A) 25-370 °C (B) —100 °C to 25 °C.

Table 5
Glass transition temperature and modulus values of all the PUs from DSC and
DMA.

PU samples Tg.ss (°C) Tg.ss (°C) Tgns (CC) Storage modulus,
from DSC from tand from tand E’ (MPa)

HDPU —-77.78 —58.5 121 1168

FHPU —66.46 -42.9 70.68 1025

FHDPU(0.52) —69.08 -57.8 138 531

FHDPU(1.1) —73.96 —-57.5 141 3501

FHDPU(2.2) —69.13 —45.54 17.73 2416

which FHDPU(2.2) possess higher T, value than FHDPU(1.1) (Fig. 7B).
From DSC thermogram the hard segment T (T,.ns) cannot be obtained
very clearly and hence we carried out dynamical mechanical analysis
(DMA) to find out Ty ps.

The dependence of tand over temperature has been analyzed thor-
oughly in DMA investigation (Fig. 8A). In maximum cases, two different
glass transition regions was observed: the first transition reflects the
polymer chain motions of the soft-segment (SS) domain and the second
transition corresponds to the motions within hard-segment (HS) units
caused by the presence of ferrocenyl groups [4,45]. Fig. 8B and Table 5
data clearly demonstrate that absence of DNB causes too much stiffness
in FHPU film, showing high modulus in the DMA study while the pre-
sence of DNB makes FHDPU much more flexible. This result is in
agreem6nt with stress-strain plots as discussed in earlier section shows
usual trend like earlier report [26]. The soft segment Ty (Tyss) for
HDPU and FHDPUs vary from —58.5 °C to —45.5 °C and hard segment
Tg (Tgns) which originates due to the existence segmental mixing is
also obtained from tand vs temperature plots and listed in Table 5. The
FHDPU (2.2) shows relatively lower T, s may be due to very high
degree of segmental mixing. DSC and DMA data (Figs. 7, 8 and Table 5)
clearly indicated that both SS and HS T, alters as Fe content in the
FHDPU changes, attributing significant effect of interactions between
cyclopentadienyl ring of ferrocene and NO, group of DNB.

3.7. X-ray studies

The structure of samples was explored by investigating WAXD and
SAXS techniques. For WAXD analysis, the X-ray patterns of PU samples
are compared with bare HTPB-PU for better understanding of difference
in the structure in presence of ferrocene functionality along with DNB.
HTPB-PU shows a major broad peak at 260 = 19.3° and a minor peak at
42° reflecting the amorphous nature of the general polybutadiene based
polyurethanes [28]. HDPU exhibits the presence of crystalline peaks at
20 = 13.89° 16.68° and 25.11° (Supplementary Fig. 3) which is in well
agreement with reported in literature [26] as all other PUs show almost
identical diffraction pattern like HDPU exhibiting crystalline peaks at
20 = 13.89°% 16.68°, 25.11° and broad amorphous peaks at 19.3° and
42°. The crystalline peaks vary only in intensity, may be due to strong
interactions between HS and SS through intra as well as inter polymer
chain crosslinking. Among FHDPUs, the differences in crystalline peak
intensity clearly indicate that varying amount of Fe percentage makes
difference in polymer interaction pattern.

Small angle X-ray (SAXS) measurements were carried out on all
samples of HDPU, FHPU and FHDPU. Figs. 9 and 10 shows typical SAXS
profiles displayed on log-log scale for HDPU and FHDPU (0.52), re-
spectively. For other samples, the shape of curves is similar to anyone of
these two.

The SAXS profiles of HDPU, FHDPU (1.1) and FHDPU (2.2) show
linear variation in low-Q, high-Q regions and a broad hump in the
middle-Q region as shown in Fig. 9. The linear behavior indicates
power-law (Q~ %) variation of intensity I(Q) where the value of the
exponent (o) indicates structural morphology of scatterers. If the linear
variation spans over more than a decade of Q, a non-integer value of a
suggests fractal nature; mass fractals of dimension D, (=a) if a < 3
and a surface fractal with rough surface if 3 < a < 4 [46]. For
scattering from smooth surface a will be 4, following Porod’s law. Ex-
tensive structural studies [25,28,47,48] showed that PU undergoes
micro-phase segregation to hard and soft segments during preparation.
If the hard segment domains are spatially correlated, a peak will be
visible in the SAXS data.

Thus, broad maximum in the mid-Q region suggests correlation
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Fig. 8. (A) tand vs temperature (B) Storage modulus vs temperature plots of FHPU, HDPU and FHDPUs of their indicated Fe content. Plots in case of tand vs

temperature are shifted vertically for better clarification.
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Fig. 9. Small angle X-ray scattering profile of HDPU. Solid line is representation
of power-law. Dashed line is fit to the data.

between the positions of domains existing in the polymer matrix. The
data in this region is fitted well to the Gunier equation [49,50].

2112
I=ILeRs

where R, is the radius of gyration of the domains. The radius of the
domains is found to vary between 2.7 and 3.3 nm. The average distance
(d) between domains can be found from the peak position (Q,,) and is in
the range 8-10 nm with minimum value for FHDPU (1.4). The slope of
SAXS data in the High-Q region varies between 2.8 and 2.9, suggesting
that domains are made of compact, highly dense mass with fractal
morphology.

The low-Q region has limited number of data points; hence details
on the structure cannot be obtained, although the slope value in the
range 1.1-1.3 indicates the presence of loosely bound polymer ag-
gregates. It is known [51,52] that the hard segment domains self-or-
ganize to form aggregates of pm size due to inter molecular hydrogen

FHDPU (0.52)

1E9 4

Intensity (a.u.)

1ES8 A

Q (nm)’!

Fig. 10. SAXS profile of samples FHDPU (0.52). Solid lines are representation of
power-law.

bonding. Thus, it is possible that SAXS profiles at low-Q region arise
from aggregation of HS formed during the preparation of samples. Since
the upper Q-limit of the mass fractal is well below the Q-range of study,
the average size of the aggregates cannot be obtained from SAXS data,
though it will be > 40 nm. On the hand for the samples FHPU, FHDPU
(0.52), the SAXS profiles vary lineally with change of slope at a Q as
showed in Fig. 10. The power-law exponent in the low-Q region varies
between 1.1 and 1.3 suggesting that the samples consist loose compact
polymer rich regions or aggregates of HS domains with mass fractal
structure. In the high-Q region, representing the structure on smaller
length scale, the slope of the line varies between 1.7 and 2.3. This in-
dicates the presence of smaller dense crystallites or HS domains. From
the crossover point of two lines, the average radius of the domains is
found to be in the range 3.6-4.1 nm.

Comparing the two set of samples, two prominent differences can be
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Fig. 11. FESEM images of the cross-section of cryo-fractured PU films: FHPU,
FHDPU(0.52) and FHDPU(2.2).

noticed. The domains formed in Fig. 10 are not spatially correlated, less
compact and marginally larger whereas in Fig. 9, they are correlated
and highly compact.

3.8. Morphological study

The formation of HSD as confirmed by SAXS study also appears in
morphology when the cross-section of the cryo-fractured PU films stu-
died by FESEM analysis (Fig. 11). The fibrous-assembly morphology
which are crossed and entangled with each other has been observed for
HDPU (not shown here) which is well accord with our earlier report
[36]. In other cases, we can clearly see that the phase segregated
polymer rich regions with compact mass fractal appear like solid elliptic
sphere (shown by the dotted red line in the images). This again may be
attributed to preponderance of DNB to PVF intra interaction over inter
polymer chain interactions. Another aspect also can be observed in
terms of packing nature, except for FHPU all other ferrocene modified
PU has got nice well-ordered packing pattern, this may be because of
presence of DNB. Ferrocene containing polymer in presence of DNB gets
packed in a particular manner giving nice layered kind morphology
which is totally absent for FHPU. And as expected with increase in Fe
content segregated domain size also increases.

3.9. Burn rate analysis of composite solid propellants (CSPs)

Burn rate measurements of CSP made from the binders HD and

10
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Table 6
Burn rate and pressure index of CSPs made from HTPB-DNB (HD) and HTPB-
DNB-g-PVF (FHD) binders.

CSP  Binder Used Fe (Wt%) in Burn rate (mm/s) at Pressure index

Binder 40 bar
P1 HD 0.00 10.08 0.58
P2 FHD2 0.92 11.95 0.33

FHD2 (one representative sample of HTPB-DNB-g-PVF) were performed
using a standard Crawford bomb in conjunction with a pressure trans-
ducer. The detail experimental procedure is given in the supplementary
materials. Table 6 data summarizes the burn rate results of the CSPs.
The burn rate of the CSP (P2) made using the FHD binder is found to
be ~18% higher than the CSP (P1) of HD binder. It is also to be noted
that the pressure index value of P2 CSP is quite significantly lower than
the P1. These above observations prove that the CSP made from the PVF
grafted HD has higher burn rate than pristine HD and is quite stable
with less sensitivity [24].

4. Conclusion

A series of poly (vinyl ferrocene) grafted dinitrobenzene containing
polybutadiene (PVF-g-HTPB-DNB) have been prepared successfully and
all their physical properties have been characterized and correlated
with PVF-g-HTPB as well as bare HTPB-DNB. In every case, we have
been able to incorporate good amount of Fe with good control in
viscosity having high storage capacity and hence can be claimed to be a
potential burn rate modifier binder for composite solid propellant. The
reversible redox property of grafted PVF over HTPB polymer matrix has
been thoroughly analyzed which may explore a new direction of this
polymer. Further, we have made polyurethane samples by using PVF-g-
HTPB-DNB as soft segments and IPDI as hard segments with constant
NCO/OH ratio. In comparison with PVF-g-HTPB-PU, all the PVF-g-
HTPB-DNB-PUs displayed an outstanding elasticity, attributed to in-
clusion of DNB into the polymer matrix. DNB caused a supramolecular
hydrogen bonding with HS at the SS chain end. That helped to increase
the inter polymer chain distance and thus SS flexibility increases. Based
on DSC and DMA study, PVF-g-HTPB-DNB-PUs possessed lower glass
transition temperature than of PVF-g-HTPB-PU. WAXD and SAXS ana-
lysis indicated the presence of small dense aggregates or crystallites
which appeared because of phase segregation. This phase segregation in
PU film had been further confirmed by the appearance of round to el-
lipsoid shaped hard segment domains in FESEM. Based on the burn rate
data as well as other characterization data, PVF-g-HTPB-DNB-PUs ex-
pected to be used as binder cum burn rate catalyst in composite solid
propellant.
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