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ABSTRACT: Bromobutyl elastomer (BIIR) can be used
for sealing medical drug delivery devices due to its high re-
sistance to permeability by moisture and gases which are
known to deteriorate the performance of pharmaceutical
drugs. However, its use is restricted since the traditional
accelerators used for crosslinking BIIR leave reaction resi-
dues which can leach out and contaminate drugs. An accel-
erator based on xanthogen polysulphide (DIXP) does not
leave reaction residues as it is totally consumed during
crosslinking. From these considerations DIXP was used to
formulate a BIIR composition for seals in medical devices.
The isothermal kinetic reaction curve for BIIR showed that
the crosslinking region consists of two parts. The first part
had a reaction order (1) = 1 and the second stage had a
lower n = 0.6-0.7. The rate constants and the activation

energies for the two stages were determined. Increasing the
time and temperature variables of crosslinking increased
the dynamic elastic shear modulus (G’) in BIIR according to
the kinetic theory of vulcanization, however the moisture
ingress showed an initial decrease followed by an inflection
where increasing the variables caused increased moisture
ingress. This increase is believed to be caused by the vola-
tile gaseous byproducts produced in the crosslinking reac-
tion of DIXP which change the microstructure of BIIR. The
crosslinking conditions for minimizing moisture ingress in
BIIR and achieving a high G’ were identified. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 106: 526-533, 2007
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INTRODUCTION

Elastomeric compositions are used as seals in medi-
cal drug delivery devices. They are specifically for-
mulated for use in these applications taking into
account their toxicity, safety, and reliability of per-
formance throughout the life of the product. Guide-
lines are provided by bodies such as the United
States Food and Drug Administration’ (FDA) and
ISO 10,993-1 on the assessment of compounded elas-
tomers for use in these applications. It is customary
to add inorganic fillers and organic additives to the
elastomer compositions for their processing and the
development of physical properties. The organic
additives are low molecular species such as process-
ing aids based on fatty acids and sulfur or peroxide
based crosslinking agents. The elastomer composi-
tions are in direct contact with drug formulations
and the organic additives can leach out’ and con-
taminate drugs. The amounts of additives in the
elastomer formulations must be optimized so that
the levels of leachable by products are kept low

Correspondence to: D. S. Ohbi (daljit.ohbi@bespak.com).
Contract grant sponsor: Bespak plc, UK.

Journal of Applied Polymer Science, Vol. 106, 526-533 (2007)
©2007 Wiley Periodicals, Inc.

ST GIWILEY .

.. InterScience’

DISCOVER SOMETHING GREAT

while making sure that the curing and processing of
the elastomer are not affected adversely.

BIIR is a synthetic elastomer that is a suitable ma-
terial for sealing medical devices because of its in-
herent resistance to permeability of gases and mois-
ture. It has low unsaturation and is predominantly
isobutylene copolymerised with about 1-3 mol% iso-
prene to provide the reaction sites for crosslinking.
The isoprene unit is brominated in the production of
BIIR® by treating a solution of Butyl (IIR) with ele-
mental bromine. BIIR has fewer double bonds avail-
able for crosslinking in comparison to the highly un-
saturated polyisoprene elastomer. Consequently,
highly efficient accelerators are required for its cross-
linking. Accelerator-free crosslinking using zinc ox-
ide can be achieved but is too slow for practical pro-
duction processes. The most common accelerators
used for crosslinking BIIR are based on amines and
are listed in Table I.

They are highly polar materials and tend to bloom
out to the surface of the elastomer. The accelerators
such as thiazoles and sulfenamides liberate amines
in the crosslinking reaction. The amines may also
lead to other undesirable side reactions during the
curing process. They can react with nitrosating
agents (NO,) to produce nitrosamines and those
formed from secondary amines are stable and are
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TABLE I
Commonly Used Accelerators for Crosslinking BIIR
Type of
Compound Abbreviation Amine
2-Mercaptobenzthiazloe MBT 1° primary
N-Dicyclohexylbenzthiazole—
2-sulphenamide DCBS 2° secondary
Tetramethylthiuram disulfide TMTD 2° secondary
Zinc diethyldithiocarbamate ZDEC 2° secondary

regarded as carcinogenic.* The curing reaction of an
elastomer with sulfenamide accelerators can lead to
the formation of MBT as a by-product.” The accelera-
tors produce labile chemical entities which can
migrate out into the drug mixtures and are thus
potential contaminants. These contaminants and the
nitrosamines are unacceptable in elastomer composi-
tions intended for use in medical drug delivery devi-
ces; hence the choice of accelerators is severely re-
stricted. A novel accelerator, diisopropyl xanthogen
polysulphide® (DIXP), offers a possible solution for
eliminating the undesirable vulcanization byproducts
of commonly used accelerators. DIXP has is believed
to be totally consumed during the vulcanization pro-
cess leaving no reaction byproduct residues. A pro-
posed reaction scheme showing the crosslinking
mechanism of DIXP is shown (Fig. 1).

The reaction by-products are isopropanol and car-
bon disulphide and are given off as gases and diffuse
out of the elastomer during the vulcanization process.
Although applications of DIXP have been reported”
in highly unsaturated natural and synthetic polyiso-
prene for the production of pharmaceutical stoppers,
molded baby teats, etc its use for curing BIIR which
has very low unsaturation is not known. The aim of
this study was to determine the effect of the cross-
linking conditions on the kinetics and physical prop-
erties of BIIR accelerated with DIXP. The resistance to
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Figure 1 Crosslinking mechanism of DIXP.

moisture ingress is especially important in the phar-
maceutical medical device (MDI) for dispensing asth-
matic drugs as it contains propellants which are
highly hygroscopic and moisture causes deleterious
effects on its product performance. A high value of
the dynamic elastic shear modulus G’ is beneficial for
the MDI seals as they undergo deformation during its
actuation process. Poor elastic recovery usually
results in variation of the delivered drug dose.

EXPERIMENTAL
Experimental design for molding BIIR

A quadratic response surface design (Table II) for the
molding of BIIR seals for the MDI drug delivery de-
vice used in this investigation, and for the G’ measure-
ments was generated using the EChip™® software
with time and temperature as continuous variables.

The analysis software graphically depicts the effect
of variables and their interactions on the measured
responses making it easy to identify processing con-
ditions for maximizing BIIR properties. The statisti-
cally designed experiments have been successfully
used by other researchers™'’ for optimizing and
developing elastomeric formulations.

Elastomer composition

The bromobutyl composition (Table III) used in this
study was mixed using a K2 Intermix.

During mixing, cooling water at 30°C was circu-
lated in the mixer body and rotors. A rotor speed of
20 revolutions per minute was maintained during
the mixing process. The ingredients of the composi-
tion were commercially available rubber grade mate-
rials that meet the FDA section 177.2600 require-
ments for contact with food stuffs.

Characterization of bromobutyl base elastomer

The Mooney viscosity, bromine content, unsaturation
level and molecular weight of the base elastomer
were determined (Table IV).

TABLE II
Quadratic Response Surface Design

Trial no. Time (min) Temperature (°C)
1 2.0 175.0
2 2.0 165.0
3 4.5 175.0
4 7.0 175.0
5 7.0 160.0
6 2.0 160.0
7 5.0 160.0
8 4.0 160.0
9 7.0 165.0

10 7.0 170.0
11 4.0 170.0

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Bromobutyl Composition
Concentration

Material (phr)
Bromobutyl 100
Zinc oxide 3
Stearic acid 1
Clay 80
Talc 40
Sulphur 0.5
DIXP 1.0

Determination of Mooney viscosity

The Mooney viscosity of the base elastomer was
determined using a Wallace Mooney viscometer
according to the ASTM D 1646-04 standard for mea-
suring elastomer viscosity. The viscosity was mea-
sured at 125°C using large rotors of 38.10 = 0.03 mm
diameter and 5.54 + 0.03 mm thicknesses. The sam-
ple was allowed to warm up for 1 min and after 8
min the viscosity (ML1 + 8) was measured.

Determination of bromine content

The total bromine content of the bromobutyl elasto-
mer was analyzed by oxygen flask combustion fol-
lowed by ion chromatography determination. In the
combustion all the bromine present in the sam3ple is
quantitatively converted to bromide. A 1000-cm” oxy-
gen flask and a stopper with a hook were used. A
small platinum basket was hung from the hook and
about 25 mg of the sample, wrapped in lens tissue,
was placed in the basket. An absorbing solution
(30% hydrogen peroxide in water) was added to the
flask. The flask was thoroughly flushed with oxygen,
the sample was ignited and combusted inside the
flask. After the combustion the flask was shaken vig-
orously and allowed to stand for 45 min. The
absorbing solution was then transferred to a volu-
metric flask and the bromide analyzed by ion chro-
matography determination. A standard potassium
bromide solution was used as a reference.

Determination of unsaturation level

The unsaturation level of the elastomer was deter-
mined by 'HNMR analysis using the Brucker
ACB300F NMR. Peak positions were measured against
an internal reference sample tetramethylsilane (TMS).

For each sample about 10 mg was dissolved over-
night in about 1 ¢cm® of d-chloroform with 0.03%
TMS internal standard. The instrument was set up to
carry out 1000 scans with RF pulses of 7 ps with a
delay of 6 s between each pulse. The resulting spec-
tra were processed to show the specific peaks related
to brominated (position 4.32 ppm) and CH= unsatu-
rated groups (positions 539 and 5.02 ppm) and
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those related to the isobutyl polymer backbone (posi-
tions 1.31 and 1.11 ppm). Peak areas were measured
using the instrument software and the amount of
unsaturated groups estimated relative to those of the
backbone. The elastomer unsaturation level was
recalculated on a mole % basis.

Determination of BIIR molecular weight

Molecular weight of BIIR base elastomer was deter-
mined by GPC analysis. The sample was dissolved
in tetrahydrofuran (10 mL solvent to 20 mg sample)
and left overnight to ensure full dissolution. The
BIIR solution was then diluted with an equal volume
of solvent and filtered through 0.2 um polyamide
membrane and transferred to glass auto sampler
vials for analysis. The following chromatic condi-
tions were used:

Columns: PLgel guard plus 2 X mixed bed-B, 30
cm, 10 pm.

Solvent: Terahydrofuran with antioxidant.

Flow-rate: 1.0 mL min~' (nominal)

Temperature: 30°C (nominal).

Detector: Refractive index (with differential pres-
sure and light scattering).

The GPC was calibrated with polystyrene stand-
ards and the molecular weights are expressed as
polystyrene equivalent molecular weights.

Determination of kinetics of crosslinking

The kinetics of the crosslinking reaction for BIIR was
determined using the RPA 2000 at temperatures of
150, 160, 170, and 190°C. The BIIR sample was
enclosed in a heated die with the lower die oscillat-
ing at 1.667 Hz at an arc of 0.5°. The torque required
to maintain the die oscillations increases with time
due to the increase in crosslink density of the sample.

The reaction rate constant (k) was determined from
the isotherm using the method of Scheele."! The 1st
order reaction kinetics is described by eq. (1).

Yo—Y
In[=—=—— | =C—kt 1
(Yoc — Yo) 1)
TABLE IV
Characterisation of BIIR Base Elastomer

Mooney Viscosity (ML1 + 8) 46
Bromine content 2.01 wt %
Unsaturation 1.8 mole %
Unsaturation 2.2 wt %
My, 523,000
M,, 172,000




BROMOBUTYL ELASTOMER FOR MEDICAL DRUG DELIVERY 529

If the reaction order n # 1, reaction rate is described
by eq. (2) and when 7 is < 1 values are substituted in
eq. (2) and if the plot is a straight line, order of the
reaction is obtained.

1 [(Yeo—-Y\'""
f(m) —Cou @

Y, = initial torque (uncrosslinked sample), Y torque
at time ¢, Y. maximum torque at f = oo, and C and
C’ are constants.

The rate constant k was obtained from the nega-
tive slope = —k.

The activation energy E was calculated using the
Arrhenius eq. (3).

E

Ink o< ———
nk o — oo (3)

Determination of Shear modulus (G’)

The RPA 2000 has been used'? both for curing elas-
tomers and for determination of dynamic properties
such as G' and loss tangent J. The BIIR compositions
were cured using the RPA 2000 according to the
times and temperatures (Table II). Compressed air
was used to cool the crosslinked BIIR sample con-
tained in the dies to 50°C and which was then
allowed to equilibrate at this temperature for 10 min.
The G’ of BIIR was obtained at 50°C with strain fixed
at 1.95% and frequency 0.1 Hz.

Injection molding of BIIR seals for MDI device

BIIR seals for the MDI device were molded using
the Engel E330/80HL rubber injection molding
machine. The injection molding settings were; injec-
tion pressure 159 bar, injection speed 8 mm s, and
screw back pressure 160-60 bar and nozzle orifice
diameter 35 mm. The molding time and temperature
conditions are given in Table II. After molding the
seals were extracted with ethanol for 48 h at 60°C to
remove ethanol soluble residues. The extraction pro-
cedure was carried out to minimize carryover of ex-
traneous impurities into the MDI's.

MDI test units

The BIIR seals were used to construct MDI valves
having a metering chamber size of 50 pL which
were crimped onto 19 mL aluminum cans. The basic
design of the MDI unit with the elastomer seals (two
seats and gasket) is shown (Fig. 2).

Determination of moisture ingress into the MDI

The MDIs were filled with a placebo mixture of 10%
ethanol and 90% 1, 1, 1, 2-tetrafluoroethane (HFA

134a) and allowed to equilibrate in a valve down
position at room temperature for 1 week. The mois-
ture (water) ingress into the MDI occurs predomi-
nantly through the amorphous BIIR seals and was
determined using the Metrohm 831 Coulometric Karl
Fischer titrator. The titrator was calibrated using cer-
tified Hydranat™ 1.0 standard solution which con-
tains 1.00 £ 0.003 ppm water. The MDI test unit was
connected to the titrator using an adaptor and fired
five times and the water content determined. The
weight determinations were made using an analytical
balance with resolution of 0.01 mg. This procedure
was repeated three times to determine the average
water content. After moisture content measurements,
the MDIs were stored in a valve down position in an
environmental chamber maintained at 40°C and 75%
relative humidity (RH). At defined time points, the
test samples were removed from the chamber and
allowed to equilibrate at 20°C and 33% (RH) for 4 h
before taking the final readings.

RESULTS AND DISCUSSION
Reaction kinetics

The crosslinking kinetic curve (Fig. 3) for BIIR using
DIXP obtained at 170°C, exhibits three regions,
induction, crosslinking and the post crosslinking.
These regions are typically seen in the crosslinking
of elastomers. The chemical and kinetic changes
associated with these stages have been reported'” '
by various researchers. The crosslinking region
exhibits two parts and the kinetic reaction order and
activation energy of each part is shown (Table V).

Mouthpiece

Dropiets generated by
fash breakup

Figure 2 Design of MDI showing the position of the elas-

tomer seals. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Kinetic curve for BIIR at 170°C. Vertical axis
shows torque Y in dNm and horizontal time ¢ in minutes.

The linear part exhibits first order kinetics
according to eq. (1) with the formation of poly, di,
and monosulphidic crosslinks according to the
proposed reaction mechanism of DIXP (Fig. 1).
The second curved part had a reaction order n =
0.6-0.7 and by substituting these values in eq. (2)
produced straight lines (Fig. 4) verifying the reac-
tion order. In this part changes involving shorten-
ing of some of the polysulphidic crosslinks'® for
example to di and monosulfur crosslinks could be
occurring.

E for both parts was calculated using eq. (3). The
first part has a faster k and a higher E than the latter.
Wang et al.'” also found similar two part kinetic
behavior for a natural rubber composition acceler-
ated with MBT. The activation energy for BIIR using
DIXP lies in the range 71.8-123.3 k] mol ' deter-
mined for Butyl compositions accelerated with MBT
and thiourea by Rodgers et al.'® The activity of DIXP
in BIIR is thus similar to these commonly used accel-
erators.

OHBI ET AL.

EChip analysis

Results for moisture ingress and G from the 11
different trials and five replicates are given in
Table VI

The data was analyzed by EChip®™ and curve fit
response surface models were produced for both
responses.

Shear modulus G’

The EChip®™ software was used in the regression
analysis of the time and temperature effect on G’ to
determine the best fit polynomial eq. (4).

G’ = 1208.88 + 69.9521 (time — 4.5)
+ 17.752(temperature — 167.5)
— 3.21986(time — 4.5) x (temperature — 167.5)

— 9.14646(time — 4.5)°
— 0.280752(temperature — 167.5)* (4)

The G’ response curves are shown in Figure 5. The
significance of the terms in the best fit equation is
rated by EChip™. The time, temperature, time and
temperature interaction (time X temperature), and
the time® terms in eq. (4) have highly significant
effects on G'.

Increasing the time increases G/, as the number of
crosslinks formed in the BIIR network increase. At a
fixed time, increasing temperature from 160 to 175°C
increases G’ due to the faster formation of crosslinks
as shown by the rate constants k (Table V). The
highly significant time” term in eq. (4) predicts a cur-

TABLE V
Kinetic Summary for the Crosslinking of BIIR

Crosslinking temperature

150°C 160°C 170°C 180°C 190°C
1st part n=1 n=1 n=1 n=1 n=1
k 0.1009 0.2274 0.5709 0.9617 2.0978
C 0.4359 0.4717 0.4697 0.6454 1.0688
RSQ 0.9937 0.9916 0.9919 0.9960 0.9995
2nd part n = 0.61 n = 0.65 n=207 n = 0.6 n =106
K 0.0612 0.0951 0.1812 0.3463 0.7688
c 1.7592 1.4692 1.5097 1.3394 1.5738
RSQ 0.9954 0.9970 0.9955 0.9972 0.9944
Activation energy
E (k] mol™ ) RSQ
Ist part (n = 1) 122.6 0.9955
2nd part (n = 0.6-0.7) 103.3 0.9845

Journal of Applied Polymer Science DOI 10.1002/app
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vature in the response curve and increasing cross-
linking time beyond 7 min time would lower G'.
This is due to a phenomenon known as reversion'®"’
where competing crosslinking desulpuration reac-
tions occur and the physical properties like G’ are
lowered through destruction and or the formation of
ineffective crosslinks. The predicted maximum G’ for
BIIR crosslinked using DIXP is indicated by the
arrow in the response surface (Fig. 5) is at 7 min at
175°C.

Resistance to moisture permeability

The moisture ingress response surface curve is
described by the polynomial eq. (5).

TABLE VI
Moisture Results After 3 Months Storage at 40°C/75%
Relative Humidity. G’ Results Obtained Using RPA2000
at Strain 1.95% and Frequency 0.1 Hz

Responses
Trial no. Moisture (mg) (ppm) G’ (kPa)

1 672 1159.7
2 715 872.33
3 781 1350.4
4 999 1365.8
5 685 1251.9
6 745 793.25
7 641 1081.3
8 775 970.9

9 805 1330.9
10 844 1314.1
11 617 1250

3R 595 1332.2
5R 679 1237.6
6R 729 794.16
10R 848 1360.3
1R 671 1134.4

timse* tengperanure mteraction
|

BOI|

T T T T T

1 2 3 & 5 [} T
time [minutes)

Low Temperature *C = 160.0

Meddla Temperature “C = 187 &

- = — High Temperature °C = 175.0

Figure 5 Time temperature response curves for G'. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Moisture = 656.17 + 25.2886(time — 4.5)
+ 4.4476(temperature — 167.5)
+4.9539(time —4.5) x (temperature —167.5)

+13.8971(time — 4.5)*
+0.5312(temperature — 167.5)° (6)

The moisture ingress response curves are shown in
Figure 6.

The terms time, time?, and (time X temperature)
in eq. (5) have highly significant effects on the mois-
ture ingress. At all crosslinking temperatures, mois-
ture ingress shows a concave response with respect
to the time axis. The initial decrease in moisture
ingress with time is due to the build up of crosslink
density in BIIR and the process is quicker with
higher temperature due to the temperature effect on
k (Table V). The increase in moisture ingress shown
by the curvature (time® effect) is higher at higher
temperatures.

This effect appears to be related to the chemical
crosslinking reaction of DIXP (Fig. 1). DIXP is totally
consumed in this reaction forming the poly, di, and
mono sulfidic crosslinks and gaseous byproducts

time* temperature mberaction
1 1 | |
1

['|||:r|||]§

moisture

2 ¥ 4 5
time (minutes)
Low Temperature “C = 160.0
-~ Middle Tempseratura “C = 1675
- High Temperature “C = 175.0

Figure 6 Time-temperature response curves for the mois-
ture ingress. Measurements at 3 months and at 40°C/75%
RH. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Figure 7 Percentage residuals for experimental trials. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]

which could affect the microstructure of BIIR caus-
ing the increase in moisture ingress. This aspect is
being investigated and will form part of a future
publication. The point of minimum moisture ingress
predicted by EChip™ is shown by the arrow (Fig. 6)
is at 4 min and 170°C.

Comparison between predicted and experimental
properties

The percentage residuals (difference between ob-
served and predicted values) for the moisture and G’
responses are plotted in Figure 7.

The residuals for G’ are small indicating a good fit
to its response surface model. For the moisture
response, trial 8 shows a high residual (14.5%) and
adds a degree of uncertainty to the model predic-
tions. While the predictability of the moisture
response is not as good as G/, the model describing
it is quite adequate as the range of residuals is
within the 3-sigma limits. These limits were selected
as they are used routinely to indicate acceptable
product quality in industrial processes.

Optimization of curing conditions for BIIR

The optimum time and molding temperature values
(Table VII) for maximizing the moisture resistance
and G of BIIR elastomer were determined by

TABLE VII
Optimized Moulding Conditions for BIIR

Cure time Mean Low limit

4 min at 170°C 655 ppm 496 ppm
1140 kPa

Response High limit

Moisture
G 4 min at 170°C 1218 kPa

815 ppm
1296 kPa

Journal of Applied Polymer Science DOI 10.1002/app

EChip®™ analysis in which an equal weighting was
given to both responses.

CONCLUSIONS

The effect of a xanthogen polysulphide based accel-
erator, DIXP on the curing behavior of bromobutyl
elastomer was studied using experimental design
and statistical analysis methods. The continuous
time and temperature variables have significant
influence on the kinetics and the physical properties
of BIIR. The shear modulus G’ increases with time
and with temperature (160 to 175°C) however
increasing time beyond 7 min could lead to rever-
sion and the lowering of G'. The resistance to mois-
ture ingress shows a concave curvature to the time
axis and increasing time beyond the minimum dete-
riorates this property, and higher crosslinking tem-
peratures lead to higher moisture ingress. This effect
is attributed to changes in the microstructure of BIIR
probably caused by the gaseous byproducts of the
crosslinking reaction of DIXP.

The elastomer moisture ingress and shear modu-
lus are important characteristics for sealing medical
drug delivery devices as they influence the life of
the product. The use of DIXP for crosslinking BIIR
does not create reaction byproducts which would
leach out and contaminate drugs. The optimum vul-
canization condition for maximizing the BIIR resist-
ance to moisture ingress and obtaining a high shear
modulus was found to be 4 min at 170°C.

The crosslinking kinetics of BIIR accelerated with
DIXP, shows two stage behavior; initially the reac-
tion is 1st order, and in the second part is of lower
order with n = 0.6-0.7. The activation energy mea-
sured for the two parts are 122.6 and 103.3 k] mol "/,
respectively. The activity of DIXP in BIIR was found
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to

be comparable to MBTS/thiourea accelerators

used in Butyl rubber.
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