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Figure 1- 7: Proposed outcome of lyophobic barrier and movement of liquid between the
untreated interface.

prevent safety problems. The migration of constituents are known to be the cause of fires
resulting from propellants stored for long periods of time. Propellant burn rates are
compromised due to plasticizer migration. Currently, there is no true solution for plasticizer
migration. Propellant coatings used in industry only remain stable in low temperature and
humidity environments and will not contain the plasticizer movement once environmental
factors start to fluctuate. The coatings used in industry pose compatibility issues and
performance constraints on the propellant formulation. Insight on the wettability of NC may
help to eliminate these problems by encapsulating/coating the propellant grains with a
functionalized NC that is lyophobic, therefore containing the plasticizers within the matrix of
the propellant grain. The modification of NC could replace traditional propellant coatings due
to its ability to contain liquid constituents within a matrix and still maintaining the
functionality of nitrocellulose without jeopardizing the perform

ance of the propellant.



1.5 Nitroglycerin Wetting Properties & Surface Tension at Various Temperatures
1.5.1 The Young’s Equation and the Contact Angle

The contact angle measurement continues to be perhaps the most useful
characterization technique in the field of surface chemistry. Contact angle measurements are
an important technique for probing the character of solid-liquid interfaces. ‘Wetting’ is the
ability of a liquid to maintain contact with a solid surface.'® The contact angle measures the
extent to which a surface is wetted with a liquid. Wetting is uniquely valuable in
characterizing surfaces to obtain high sensitivity and its application to disordered
surfaces. !¢

The contact angle (0) is measured at a three-phase interaction between a liquid, solid,
and vapor.® Young characterized this balance of the free surface energies at the liquid-vapor
(yLv), solid-vapor (ysv), and solid-liquid (ysL) Young’s Equation (1-1). Figure 1-8 describes

the balance of the free surface energies at the interface. 1618

Yiv€os8 = Ysy —Vsi Eq. 1- 1

The equilibrium contact angle is often stated as a balance of the work of adhesion

(WA = ysv + yLv + ys1) and the work of cohesion (WC = 2 yLv) and is written as:

2W4-W

cosf =
W¢ Eq.1-2
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When Wa2 Wc, the contact angle approaches zero, the liquid will spread over the surface

resulting in complete wetting.*®
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Figure 1- 8: Young’s Contact Angle.
Three forces acting at the three phase contact line of a droplet on a solid surface where 0 is
the contact angle equilibrium.®
Image reproduced from reference 16, Permission from American Chemical Society, 2000.

Lyophobization of a surface will results in a decrease of surface energy and in return,
decreases Wa , and therefore increasing the contact angle. The description shown in Figure 1-
9 represents the attachment of organic groups to polar substrates, converting a lyophilic
surface into a lyophobic surface by means of surface functionalization with siloxane
compounds.'® With the creation of the hydrophobic surface, when Wa is less than 0.5 W,
the contact angle will be > 90. Theoretically, when WA approaches zero, the contact angle
approaches®® 180. When working with a uniformed surface, the intermolecular attraction
across the interface is always greater than zero, in which contact angles are less than 180. In

practice, however, most real surfaces have some level of heterogeneity which results in
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hysteresis. 1% 20 Hysteresis, in this case, refers to the difference between the advancing 04 (as

wetted area increases) and receding g (as wetted area decreases) contact angles.*-?!

Good wetting (polar)

H = ¥ M7

Figure 1- 9: Comparison of a water contact angle on polar and non-polar surface.®
Image reproduced from reference 19, Permission from Taylor and Francis Publishing, 2006.

Due to this phenomenon, full characterization of the hydrophobicity of materials requires
evaluation of both advancing and receding contact angles.?® 2! Hysteresis demonstrates the
useful sensitivity of wetting to the depth of functional groups below the organic-water
interface.?! The difference between the advancing and receding contact angle is far from zero

for most systems.?* A large value in hysteresis usually means a system is not at equilibrium.

12



Contact angle measurements rely heavily on comparisons of measurements in similar
systems rather than on interpretation of absolute values obtained from only one system.?2
Thus, we use contact angles because they are convenient, very sensitive to obtain details of
interfacial structure even at the angstrom scale, and because they are applicable to the
characterization of solid-liquid interfaces.? These measurements at least correlate with
thermodynamically significant measures of surface and interfacial free energies.?* The
technique used to obtain advancing and receding contact angle measurements for our studies
was the use of a digital contact angle tensiometer. This instrumentation allowed real-time
video analysis while advancing and thus the receding of a droplet of liquid back through the
syringe needle. We were then able to measure the angles at different positions of the contact
angle experiment. As an example, the action of performing the advancing and receding
contact angle with NG as probe fluid on a fluoroalkyl treat NC surface.

In open literature there is very little data concerning the surface properties of
nitroglycerin. During our investigations we find that the measurement of NG surface tension
was first measured circa 1934.2* The accurate measurement of liquid surface tension is
temperature dependent and is characteristic of the liquid.?® Confirmation of purity is of
absolute necessity when measuring the surface tension of a liquid.2>The surface tension of
NG as a function of temperature, which may be of importance in several industries, is lacking
entirely in literature. We performed an extensive literature search only to discover that we are
unable to locate data related to the wetting properties of nitroglycerin. This is most likely due
to the hazards of sensitivity and potential of explosion when isolating pure NG.* > 8
According to previous studies, pure nitroglycerin has a surface tension of ~50.5 (mJ/m?) ® at

room temperature (20°C) similar in value to methylene iodide 2. Methylene iodide is a
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common probe fluid used commonly by researchers such as Zisman et al. ?® in surface

characterization. With few exceptions, NG should have similar wetting properties.

Adding probe fluid Withdrawing probe fluid

Advancing angle Receding Angle

Figure 1- 10: Advancing and Receding (0adv/0rec) cONtact angle.

The similarity in surface tensions may allow the use of methylene iodide as safe inert
replacement for NG, either for surface analyses or laboratory scale propellant formulating. In
this study, we utilize NG as a probe fluid on a variety of surfaces. We compare NG and
methylene iodide contact angles. We measure the surface tension of NG at variable
temperatures up to 60°C after which degradation and increased vapor pressure starts to have

direct influence on the measurements.28

1.5.2 Experimental
1.5.2.1 General Information

Nitroglycerin (NG, 99.9%) was supplied as 5% solution in ethanol (SDM 36) by
14



Copperhead Chemical Company (Tamaqua, PA). Methylene iodide was purchased from
Sigma Aldrich 50 mL >99% pure.
1.5.2.2 Nitroglycerin Purity

The purity of NG was determined by placing a known amount of 5% NG in ethanol
on an electronic balance and monitoring the weight loss over time. Observed stabilization of
the weight loss was determined to be ~50 hours. GC/MS was then performed to confirm the
purity of NG monitoring the loss of ethanol and water. 2 mL of stock solution was
evaporated and weight loss was monitored over two days and tested, the final residue was
confirmed to contain no ethanol. The final purity of the NG was detected at 98.9 % weight
NG verified by GC/MS. Surface water was contributed to the percent error. The procedure to

obtain and monitor NG purity from the NG/ethanol solution is described in Appendix-B.

1.5.2.3 Wetting and Contact angles

Contact angles were measured by a Dataphysic OCA contact angle instrument using
GASTIGHT #1750 Hamiliton Company micro-syringe. The probe fluids used were
nitroglycerin (NG) and methyl iodide. Dynamic contact angles (0adv/Orec) Were recorded
while the probe fluid was added to (0aqv) and withdrawn (6rec) from the drop, respectively.
The dynamic contact angles with NG as a probe fluid were measured using a Drummond
WIRETROL 5 pL pipette to add and withdraw the probe fluid while recorded under the
video capability of a Dataphysic OCA tensiometer. Due to safety concerns, we used this
technique rather than using a syringe filled with NG. Filling a syringe with a sufficient
amount of NG to obtain measurements could result in initiation of NG. Great care must be

taken when performing measurements with nitroglycerin.
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1.5.2.4 Surface Tension of Nitroglycerin

Surface tension measurements were performed using two versions of the classic
capillary rise method.?® First, we used a graduated capillary (.05 cm in diameter) with a
surface tension gauge developed by Surfgauge. We also used an off the shelf glass capillary
.06 cm in diameter. The length of the capillary column was measured with a ruler graduated
in centimeters. .5 mL NG was dispensed into a shallow Teflon dish. The Teflon dish
containing the NG and the capillaries were placed in a 150 mL beaker and placed in a
Thermo-Fischer conditioning chamber where the samples can maintain a constant
temperature while being measured. The NG and capillary tubes were held for 2 hours at each
desired temperature. While sampling, the tip of the capillary was placed on the surface of the
NG while keeping the capillary vertical. The capillary was turned over and drained at the
back end by placing towels until the NG fluid comes out. Each measurement was performed

five times to get a consistent read value.

1.6 Results and Discussion

The surface tension (mN/m) of NG at variable temperatures using two capillary
diameters were obtained using equation 1-3 g is the gravitational constant. p is the density of
the liquid. r is the radius of the capillary tube and h is the capillary rise measured from the
plane surface of the liquid. The contact angle of NG on a glass surface is assumed to be ~ 0
(cos 0 =1). The date is reported according to equation 1-4. The data is described in Table 1-
1 and Figure 1-11. We see that the surface tension of NG decreases linearly as a function of
temperature, confirming that it is in equilibrium with its own vapor.?” In our measurements,

we determined two parameters influencing the measured percent error. The first being the
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measured height of the capillary and the second being the density of nitroglycerin at various
temperatures. Due to the sensitivity of NG, the challenge was to obtain accurate density
readings of NG at low volume for each temperature interval. We therefore utilize data found

in literature?® for the density values ranging from 10-25°C and extrapolate to 60°C.

1
r—ipgrh Eq.1-3

a d»-.
NG (T) = Tne- d_{"T Eq. 1- 4

Table 1- 12 YLv (MN/m) Measurements at Different Temperatures.

Temperature °C Capillary diameter (cm)
0.05 0.06

20 51.04 51.58
25 51.04 51.58
30 49.445 49.24
35 49.445 49.24
40 48.65 48.3
45 47.85 47.83
50 47.85 47.83
55 47.05 46.89
60 47.05 46.89

To access wetting the properties of NG, surfaces were characterized by dynamic contact
angles using NG as a probe fluid. Table 1-2 displays advancing and receding contact angle
for NG and methylene iodide. The contact angles of NG show major changes depending on
the nature of surface groups demonstrating different levels of wettability (Table 1-2). For all
the surfaces studied, the contact angles of NG fell close to the contact angles of methylene
iodide in accord with the surface tensions of the probe fluids (mJ/m?) at ~20°C: CHzl2 (50.1),

NG (50.4). Methylene iodide, in most cases, demonstrated contact angles several degrees
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lower than that of NG for the same surface.
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Capillary diameter

e 05¢m ®.06cm
50

40

30

Temperature "C

20

YLV mN/m

Figure 1- 11: Graphical representation of temperature vs. surface tension of NG using two different
capillary diameters.

However, like for methylene iodide probe fluid, the highest value of NG contact angles
95°9/83° (adv/rec) was observed for PDMS/Ti PET substrate, poly(tetrafluoro ethylene)
(Teflon) 87°/78° (adv/rec), and perfluoroalkyl 85°/74° (adv/rec) representing the low-energy
surface of CF» functionalities. Non-polar hydrophobic surfaces of poly (ethylene), phenyl,
and monolayers of octadecyl silane, supported on Si wafers, projecting respectively CH and
mixed CH2-CHz functionalities, were poorly wetted by NG and showed contact angles in the
range ~75°/65° (adv/rec). For the dimethyldichlorosilane surface, NG contact angle hysteresis
was the lowest, which agrees with data obtained using known probe fluids on
polydimethylsiloxane surfaces.® For relatively polar surfaces of poly (ethylene terephthalate)
and polyvinyl alcohol, as evidenced by intermediate value of water contact angles, wetting of
NG improved with the advancing contact angle being 35° and the receding angle less than
10°. For the high-energy polar surface of cleaned Si-wafer, NG, demonstrated complete
wetting with both advancing and receding contact angles being near zero (<10°). On all the

model surfaces tested, the contact angles hysteresis of NG was ~10-15° which was similar to
18



the values normally reported for methylene iodide on previously tested surfaces.?>2627
Comparing the contact angles for NG on the model surfaces!®!, we concluded that NG, as a
probe fluid, produced similar results as methylene iodide probe fluid.?> The NG contact
angles show formation of high quality lyophobic surfaces comparable with the closely-
packed monolayers of organosilanes on Si wafers or homogeneous polymer films of similar
chemical composition. In this work we explored the wetting of NG with different groups
ranged as follows: fluoroalkyl- (6 adv/Brec ~90°/~50°), alkyl- (~75°/~35°), oligo
(dimethylsiloxy)- (~65°/~35°), phenyl- (~40°/~10°), demonstrating major variations in the

NG interfacial interactions.

Table 1- 2: Dynamic Contact Angles (6aav/6rec, deg) for Nitroglycerin and Methylene
lodide on Model Surfaces, Polymer Films, and Functionalized Si Wafers.

Sample Probe fluids
Nitroglycerin :\élgitgéllene

Nylon silica filled 56/42 55/38
Polychloro trifluoroethylene 55/28 53/22
Polyvinyl alcohol 35/27 34/23
Polymethyl pentane 75/62 72/48
PDMS/Ti PET substrate 95/83 87/68
Cleaned Si-wafer: Si/SiO," <10 <10
Si/Si0,-0Si(CH3)2C1gHs7 75/65 65/50
Si/SiO, CeHs 71/60 68/42
Cl,Si(CHs)2 80/78 74170
(CH30)3Si(CH,)2CeF13 85/74 84/72
Poly(tetrafluoroethylene), Teflon: -[CF3]n- 87/78 86/78
Poly(ethylene): -[CH2]n- 65/58 62/54
Poly(ethylene terephthalate): -[C(O)CsH4sCOO(CH2)20]x- 35/<10 30/<10

*Si-wafers were cleaned and functionalized by organosilanes as described in ref 19.

Because of the lack of wetting data for NG in open literature, we investigated the surface
properties of NG. NG demonstrates surface tension values similar to methylene iodide in

which the latter may be used as a probe fluid replacement for the extremely friction and
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impact sensitive properties of NG. The surface tension of NG shows ~5 percent decrease for
every 10°C temperature increase up to 60°C. The information gathered from this study will
hopefully serve as a reference should the need arise to evaluate surface interactions with NG.
For this reason, NG contact angles were measured on a variety of well-defined surfaces of
known composition including monolayers of organosilanes and fluoro-alkyls supported on

Si-wafers, and smooth polymer films.

1.7 Conclusions

In this chapter we discussed the properties of nitrocellulose and its uses in solid
propellant formulations. We described the various geometries and uses of formulated
nitrocellulose based propellants. We look at the negative impact nitroglycerin movement has
on propulsion systems, demonstrating specific examples pertaining to cartridge casing
increments and co-extruded propellant grains. Finally, in the experimental section, we look at
the surface tension of NG at various temperatures and compare the results to methylene
iodide. We utilized NG as a probe fluid for the first time, on a number of known surfaces, to
gain insight on how NG may act on modified NC surfaces.

Because of the lack of wetting data for NG in open literature, we investigated the
surface properties of NG. The information gathered from this study is to serve as a reference
for parameters describe in the following chapters. For this reason, NG contact angles were
measured on a variety of well-defined surfaces of known composition including monolayers
of organosilanes and fluoro-alkyls supported on Si-wafers, and smooth polymer films. We

will see in the next several chapters the importance in understanding NG as probe fluid and
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its surface tensions at various temperature is essential in understanding the wetting of NC
with NG.

In Chapter 2 we look at the structure of cellulose and with that, the chemistry used for
optimal manipulation of hydroxyl sites. We examine the robust nature of silane chemistry
and its unique application in surface modification in which literature provides several
approaches used to functionalize the cellulose surface. We look at the aspects of organosilane
chemistry and its application to surface modification. We discuss the role of silane and
cellulose modification through previous work. In the experimental section of Chapter 2, we
confirm cellulose surface functionalization in our laboratory, presenting successful reaction
conditions performed in our laboratory with alpha cellulose and silyl isocyanate. Results
from FTIR and contact angle measurements (6adv/6rec 98/75) suggest successful surface
modification. The confirmation of this reaction gave us insight into the use of methods
selected to modify NC. Finally, in Chapter 2 We demonstrate surface functionalization on
NC. We perform reactions using acly chloride and isocyanate functionalities using chemistry

from previous work and our preliminary experiments with cellulose.
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Chapter 2: Approaches for Nitrocellulose Functionalization

2.1 Introduction

Cellulose is the most abundant naturally occurring polymer used for the fabrication of
numerous products.3! For certain applications, including sensing, biomaterials, separation
membranes, catalysts, emulsion stabilizers, coatings and polymer-based hybrid materials
hydrophobic cellulose surfaces are needed which requires additional functionalization of
inherently hydrophilic cellulose.3*% The common methods of covalent functionalization of
cellulose includes alkylation, alkanoylation, carbamoylation and other reactions that utilize
primary and secondary hydroxyl groups available on the surface of cellulose.3*3 Numerous
studies reported the use of silane coupling agents for functionalization of cellulose. 3-8
Silylation involves the reaction of cellulose with organosilanes of general formula RnSiXas-n
(n=0-3, X- hydrolyzable group e.g. Cl, alcoxy-, acetoxy, and R - organic functionality).33°
Silanes are chemically binding to cellulose hydroxyl groups through Si-O-C linkages. When
multifunctional silanes (n=0,1,2) are used in presence of moisture, polymerization (cross-
linking) of silanes occurs yielding siloxane network (Si-O-Si) which greatly improves
stability of the coatings.® 8" The use of fluorinated silanes produce extremely non-polar
surfaces with lyophobic (omniphobic) and superhydrophobic properties.*® 4

As compared to cellulose, covalent functionalization of NC is more challenging,
particularly because of reduced number of hydroxyl groups available for the reaction and
limited choice of the reaction conditions that have to be mild enough to preserve nitro
groups. The latter is particularly important for the functionalization of highly-nitrated

energetic NC materials. Nitrocellulose paper membrane is the common substrate for lateral
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flow diagnostics, biosensors, and immunoassays.®® A majority of the reported
functionalization methods employ non-covalent modification of the NC paper through the
physical adsorption of proteins or other polymers.8 % Several covalent functionalization
methods utilizing substitution or elimination of nitro groups were reported.®® There is
virtually no open literature research pertaining to the surface chemistry and functionalization
of NC with nitrogen content >12%. In this work, we describe the organosilicon chemistry
approach for the covalent functionalization of NC fibrous material (~12.5%N) with the focus
on preparing of NG-repellant surfaces of NC to inhibit sweating and leakage of NG in

energetic materials.

2.2 Cellulose: Its Role in Understanding Nitrocellulose Surface Functionalization

In order to understand the chemistry of nitrocellulose, it is important to look at the
parent compound, cellulose. Clear understanding of the underlying structure of cellulose (Figure
2.1) is fundamental to understanding its surface chemistry. Cellulose is named for (1 — 4) -B-D-
glucopyranan, a linear homopolysaccharide composed of B-D-anhydroglucopyranose units (also
referred to as anhydroglucose and glucopyranose units but universally abbreviated as AGU) and
linked by B(1 — 4) ether bonds called glycosidic links. B-D-anhydroglucopyranose is a six-
membered heterocycle with an anomeric carbon (labeled C1) and usually found in the chair
conformation.®? Cellulose is the most abundant natural occurring source of raw materials for
the fabrication of numerous products.®® 3% 32 However, its liquid-proofing properties are poor.
Much work has been done to improve its lyophobic properties by means of surface
modification. Surface modification of cellulose and its derivatives have been well

documentated over recent decades.3*-® The surface of cellulose contains hydroxyl (-OH)
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groups available for chemical reactions. Clear understanding of the underlying structure of

cellulose is fundamental to understanding its surface chemistry.

B(1->4) glycosidic link

non-reducing end cellobiose unit anhydroglucopyranose unit reducing end

Figure 2- 1: Cellulose Chain.

The anhydroglucose unit in the chair conformation, the glycosidic link, and both reducing
and non-reducing ends of the polymer.3!
Image reproduced from reference 31, Permission from Elsevier, 2005.

2.3 Silane Chemistry for Surface and Polymer Modification

The use of organosilane chemistry for tailoring surfaces and modifying polymers is a
process that has been used for decades in both research and technology.® 4% 4! A variety of
structures can be produced on a surface or reacted with a polymer.*? 4344 The general
formula for an organosilane is RnSi X-n), showing two classes of functionality typically
encountered.*> 4647 X is a hydrolysable group which can be alkoxy, acyloxy, amine, or
halogen. The reactive silanol is formed after the presence of hydrolysis which can condense
with other silanol groups. The R group is nonhydrolyzable and usually provides a
functionality that demonstrates characteristics of a reaction product. The final reaction
product resulting from reacting an organosilane with a substrate alters the surface properties

of the substrate#8: 4950
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The use of silanes for surface chemistry applications on cellulose and its derivate can
be utilized similar to steps required in the preparation of sol-gels.% 2 %354 At the functional
group level, three reactions to include hydrolysis, water condensation, and alcohol
condensation are generally used to describe this process.® The hydrolysis reaction replaces —
OR groups with —OH (hydroxyl) groups. hydrolysis occurs by the nucleophilic attack of
oxygen contained in water on the silicon atom.>* Alkyl oxysilanes for example, hydrolyze
upon exposure to water vapor.®!: 2 Hydrolysis is facilitated in the presence of homogenizing
agents to include alcohols, dioxane, THF, and acetone.®® Condensation may occur either
between two silanols or a silanol and an ethoxy group to form a siloxane group (Si-O-Si).>*
54,58 Reactions in Figure 2-2 show that polymerization to form siloxane bonds can form by
either producing either an alcohol or water condensation reaction. >* The most widely
accepted mechanism for the condensation reaction involves the nucleophilic deprotonated
silanol on a neutral silicate species as proposed by Iler®* to explain condensation in aqueous
silicates systems. Brinker et al. explained that silanol acidity depends on the other
substituents on the Si atom.>® When basic OR and OH are replaced with O-Si, the reduced

electron density on Si increases the proton acidity on the remaining silanols. *

=585i—0R + H:0 = =S5i—0H + ROH
Hydrolysis
=585 —0R+HO-S5i= = =85i—0-—5i=+ROH

Alcohol condensation
=Si—0OH+HO-Si= - =Si—0—Si=+H:0
Water Condensation

Figure 2- 2: Silane surface chemistry reactions.
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2.4 Cellulose Surface Modification

For the purpose of this work, the mechanism for converting surface alcohol to ester was an
obvious choice for nitrocellulose surface modification. We needed to explore reactions giving us
optimal conditions, without jeopardizing nitro functional groups and allowing reaction of
secondary alcohols. Literature pertaining to ester formation of cellulose provided a vast amount of
information on a variety of potential reaction conditions. 4254

Reactions involving cellulose have been documented well before the 1950’s. Reid
and Peterson et al. gave attention to the kinetics and mechanism of cellulose esterification.'
57,58 References confirm the primary hydroxyl groups of cellulose are intrinsically more
reactive than the secondary hydroxyl groups by means of homogeneous acetylation
performed in 1954 by Krassig et al. The degree of difference between them depends on
reaction conditions.® In general, the primary hydroxyl is more selectively esterified in a
slower reaction process.’” %8 %° Reid et al found the apparent difference in reactivity is less in
suspension than in solution, perhaps because of a slow diffusion rate, rather than hydroxyl

reactivity.>” The workers found that relative reactivity’s of aliphatic acid anhydrides toward

the hydroxyl groups of cellulose vary with the reaction catalyst used. 57+ %8 5°

Various types of functionalities including fluoroalkyls and organosilane reagants are
currently used in surface modification of cellulose.****" For example, Perfluoroacylated
derivatives of ethyl celluose have been synthesized to improve the lyophobicity of
thermoplastic and lacquer manufacturing.*® ** Improved performance of cellulose acetate
membranes using silane grafting and crosslinking to enhance polymer properties for
membrane based gas separations has been documented.3”: %2 Esters of cellulose can also be

treated using acyl chlorides that react with the hydroxyl groups of cellulose. The use of
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isocyanates to form a carbamate with cellulose have been used for numerous applications in

paper manufacturing.>® % 5 In the section we discuss the selection of isocyanate to react with
the hydroxyl rich alpha cellulose as an experimental confirmation demonstrating the reaction
feasability by treating a hydroxyl rich surface so that we could continue with our efforts to do

the same with nitrocellulose.

2.4.1 Experimental (Cellulose Modification)

2.4.1.1 General Information

The chemicals used in this study was provided by Sigma Aldrich Alpha cellulose
(NC). di-isopropyl ethyl amine, lithium chloride, dimethylacetamide (DMACc) (>99%), 3-

triethoxysilyl propyl isocyanate .

2.4.1.2 Cellulose Modification with 3-triethoxysilyl propyl isocyanate

Our challenges of modifying nitrocellulose arise from the necessity to maintain nitro
functional group moiety, in which the nitration of cellulose gives rise to the energetic
properties of NC. We sought out reactions that are not selective to primary alcohols since it is
obvious the nitration process reacts with the most sterically available hydroxyl groups on
cellulose. With this in mind, it was a necessity to find conditions that would not cleave off
the nitro groups or degrade the cellulose polymer chain. To verify reaction conditions which
could potentially be used for NC modification, We elected to use isocyanate chemistry based
on previous work.® 62 Reacting isocyanate in the presence of tin catalyst typically generates
a mild exothermic reaction where low heat is generated.®* % We reacted 3-

(triethoxysilylpropyl) isocyanate with the hydroxyl rich alpha cellulose. The reaction was
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performed in a Pyrex 500 mL round bottom, three prong, enclosed flask by dissolving ~1.0
gram of alpha cellulose (dried at 100°C for 1 hour) in 200mL of dimethylacetamide (DMAC)
and ~1.50 grams of lithium chloride (LiCI)®® in a closed vessel and stirred appropriately at
60°C until the alpha cellulose was fully dissolved. A three-fold increase of solvent amount
was required for full dissolution of alpha cellulose compared to work described in
literature.®® Dissolution procedures concerning cellulose are often described in methods
pertaining to analytical methodology, where cellulose is being dissolved at the milligram
level as an analyte for size exclusion chromatography.®® Excess of 3-(triethoxysilylpropyl
isocyanate was then added drop-wise. Several drops of dibutyl tin dilaurate ®3 % was then
added as a catalyst and stirred for 4 hours. The DMACc was then evaporated leaving behind
the modified alpha cellulose. The modified alpha cellulose was then rinsed with toluene and
ethanol, and placed in a 100°C vacuum oven for 1 hour. The material was then characterized

using FTIR, H20 contact angle measurements, and Si elemental analysis.

2.4.1.3 Results and Discussion

The FTIR spectrum of neat alpha cellulose versus modified alpha cellulose is shown
in Figure 2-3. The band at ~2857 cm™ shows a decrease in hydroxyl functionality for the
modified cellulose compared to neat cellulose, due to the uptake of hydroxyl during the
esterification process of the isocyanate reaction. We speculate that without further hydrolysis
there would be a decrease in surface hydroxyl functionality after reaction. In later work, we
observed an increase of hydroxyl groups if promotion of hydrolysis is allowed, possibly as a
result of cross-linking by the silyl propyl carbamate. The bands at ~2929 cm™ and ~2857 cm’

Lin the spectrum representing the modified cellulose are evident of CHs and CH functional
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groups. The band at ~1637 cm™ and 1562 cm™ is distinctive of C=0 stretch and NH bend
from and amide band respectively.®® ¢ The peaks at ~1100 cm™ and 1055 cm™ are distinctive
of organosilane Si-O and Si-O-C stretch respectively.%® More details involving FTIR data

related to functionalized nitrocellose will be described in chapter 3.

The alpha cellulose modified with silyl isocyanate and the neat alpha cellulose were
subjected to H.O contact angle measurements for comparison. The cellulose materials were
pressed into pellets. Neat alpha cellulose show complete wetting when H20 droplets were
dispensed on the pellet surface. The modified alpha cellulose showed a 0adv/Orec cOntact
angle of 98/75 respectively. Chapter 4 will describe the wetting of functionalized NC

surfaces in detail.

Finally, elemental analysis of the modified alpha cellulose show a percent silicon at
~3 %. This result, along with the promising results obtained from FTIR and contact angle
measurements, provided evidence of chemical functionalization of a carbamate layer, and
buildup of silane. These findings gave us the information we needed to proceed with the

work described in the following section.
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