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Abstract

In this study, the trace acid profile of cyanoaatyl adhesives was studied using capillary
electrophoresis. Liquid-liquid extraction was enyad as the sample preparation step prior to
separation by capillary electrophoresis. The stitybif the adhesives was investigated using variou
organic solventse.g.hexane and dichloromethane, and chloroform waerchéed to be the optimum
solvent as it enabled the full dissolution of thg¢hesive. A comprehensive stability study was
performed over a three-year period and resultatdithat the adhesives were stable for two years

after which their stability and performance degrhde

Keywords:A. Cyanoacrylate; D. Cure / hardening; Capillargotiophoresis;
* Corresponding authoFiona Regan, School of Chemical Sciences, Dubiiy @niversity, Dublin 9,
Ireland, Fax+ 353 1 7005503

E-mail: fiona.regan@dcu.ie




1. Introduction

Adhesives are defined as substances, which aréleap&forming and maintaining a bond
between surfaces. One such group of adhesiveg isydmoacrylates, which are commonly known as
superglues [1]. Cyanoacrylates initially had linditsuccess, which was attributed to two factors.
Firstly, they were unstable during manufacture, aedondly, consumers were slow to recognise the
advantages of these adhesives. These problemsaddressed in the 1970s, with cyanoacrylates of
exceptional adhesion being introduced [2]. Theyra® widely used both by consumers and in the

automotive, electronics and furniture industriés [3

Cyanoacrylate adhesives are produced by a large stedensation process. The alkyl
cyanoacetate is condensed with formaldehyde imdghetion vessel. The resulting oligomers from this
reaction are thermally depolymerised (“cracked&ading to a crude monomer and a crack residue,
which is discarded. The pure monomer is producesh the distillation of the crude monomer and the
residue remaining from this distillation is recytl®dack into the reaction vessel to complete the
production cycle. A flow chart providing a simpleesview of the manufacturing process is illustrated

in Fig. 1.

A number of inorganic and acidic anions may be gmesat different stages of the production
process, such as nitrate and dialkyl phosphatesPJDAnd in order to maintain the quality of the
product, a sensitive and selective method for theantification is required. The analysis of sorfie o
these anions has been performed using ion chromzggiog (IC) [4, 5] and recently capillary
electrophoresis (CE) has emerged as a powerful/ticsll separation technique for the determination
of small charged species, such as inorganic arindrganic acids [6-10]. It is an ideal method ttue
its low sample consumption and compared to chrognafthy methods, it results in rapid and highly
efficient separations. As most inorganic anionsildklvery weak absorbance in the ultra-violet (UV)
region, UV detection in the indirect mode was ergpth Indirect UV detection was first introduced by
Jones and Jandik [11, 12] for the determinatiommbns, and a number of background electrolytes

have been employed, such as phthalate [13, 14] ddmdmate[12, 15]. Chromate is a highly



chromophoric species, and is ideally suited toah@lysis of high mobility anions with high sepavati

efficiencies (600,000 plates/m) achieved [16, 17].

In this investigation, the analysis Bfmethoxyethyl cyanoacrylate adhesives was performed
The analysis of anions present in adhesive samiptegever, can only be determined by CE if they are
present in an agueous solution. Therefore, a sapipkreatment process was required. Extraction is
the transfer of a solute from one phase to anathdrin this work liquid-liquid extraction (LLE) wit
chloroform was employed. The solubility of the asilies was investigated using various organic
solvents,e.g. hexane, dichloromethane, and chloroform and thenopn sample preparation method
was determined. Using a developed CE method [1Bal®mprehensive trace anion profile of the
cyanoacrylate adhesives was generated, and résditsite that the adhesives were usable within a

two-year time frame after which their stability apeiformance deteriorated.

2. Experimental

2.1 Chemicals

Chloroform (HPLC and Chromasolv grade). All othdremicals were of reagent grade.
Sodium chromate, sodium hydroxide (NaOH), cetylatihylammonium bromide (CTAB), sodium
sulphate, sodium nitrate, sodium dihydrogenphosphé&trmic acid, diethyl phosphates (DEP),
methacrylic acid, methyl sulphonic acid (MSA) angagoacetic acid were obtained from Sigma
Aldrich (Tallaght, Dublin). Potassium chloride apadtassium fluoride were obtained from Fluka
(Buchs, Switzerland). Stock solutions of anions evprepared with deionised water from a Hydro
Nanopure system to a specific resistance > @8inh (Millipore, Bedford, MA, USA). Cyanoacrylate

adhesive samples were obtained from Henkel Techreddirl.) Ltd.



2.2 Capillary electrophoresis instrumentation

All separations were performed on Beckman P/ACE Mb®&trument (Fullerton, CA),
equipped with a UV absorbance detector. Detectiaa performed at 254 nm with a deuterium lamp.
Data analysis was performed using Beckman (ver8idi) software. Polyimide-coated fused silica
capillaries, (Composite Metal Services Ltd., Englarb0pum internal diameter (i.d.) were employed

with an effective length of 0.50 m and a total lgngf 0.58 m.

2.3 Capillary electrophoresis procedures

All electrolyte solutions consisted of 15 mM chrdmand 1mM CTAB. The pH of the
electrolyte was adjusted to 8.5 using 1 mM sulghacid (HSO,). All electrolyte solutions were
filtered with 0.45um swinny filter (Gelman Nylon Acrodisc, 4438) pritor use. New capillaries were
conditioned with methanol (MeOH), 1 M HCI, waterl M NaOH, water and background electrolyte
(BGE) for 5, 10, 1, 20, 1 and 5 min. respectiv@gfore each analysis the capillary was rinsed fdr 1
and 5 min. with MeOH, 0.1 M NaOH and BGE. Sampleraduction was performed
hydrodynamically, at 0.5 psi for 5 sec. Separatiwwage performed with reversei polarity at 10 kV and

the temperature was maintained at 25 °C.

2.4 Adhesive sample preparation

A 1 g quantity of the adhesive sample was dissolueal 20 ml volume of chloroform and a
10 ml volume of the internal standard was addea ifiternal standard for the CE method employed
was chloroacetic acid (pH =3.5, 5@ ml?). The solution was mixed thoroughly and left tarst to
allow complete separation of the two layeirs.(the aqueous and organic layers). The upper aqueous
layer was removed and filtered through a Quabswinny filter (Gelman Nylon Acrodisc, 4438) bedor
analysis by CE. Three replicate extractions andaakbwere performed for each sample and the %

recovery of chloroacetic acid was obtained.



3. Results and discussion

3.1 Sample-preparation procedure

The cyanoacrylate production process is illustratedetail in Figure 2. The condensation of
the alkyl cyanoacetate with formaldehyde resulta iprepolymer that by heating, is depolymerised
(“cracked”) into a liquid monomer (crude monomefpr the reaction to occur smoothly, the base
catalyst is removed by the addition of appropriatéls €.g. phosphoric acid, sulphuric acid). This
monomer may be altered by modifying the —COOR grofiphe molecule to obtain compounds of
different alcohol chain lengths. The crude monomretergoes a purification process, a distillation,
whereby impurity anions will be removed. This diation results in the formation of a pure monomer.
When applied as a thin layer between two apprapsabstances, the pure monomer cures and forms
strong bonds between surfaces by addition poly@ugwis initiated by adsorbed water. The addition of
a free radical inhibitorg.g. hydroquinone, prevents the monomer undergoing feekical induced

repolymerisation on storage.

The anions expected to be present in the adhesinmle include chloride, sulphate and
formic acid. In order to quantify these anions gsi@E, the adhesive sample must be aqueous.
Therefore, a sample pre-treatment process requinettis study sample pre-treatment was performed
by LLE. LLE is one of the most extensively studsainple preparation techniques due to its simplicity
and convenience. In LLE, sample constituents ateaeted into an aqueous phase from a water-
immiscible organic phase. Organic solvents employetude diethyl ether, hexane and chloroform
[20]. In this study, for the analysis of adhesivielsE was performed using chloroform as the organic
phase and the internal standard, chloroacetic asidhe aqueous layer. A blank LLEe., of
chloroacetic acid, was performed in triplicate aindm a known standard the % recovery of
chloroacetic acid for each sample analysis was irdda and are shown in Table 1. In this
investigation, samples were taken from differenages of thep-methoxyethyl cyanoacrylate
production process.é. crude monomer, distillation residue and pure mogmosamples), and were
analysed using CE. Typical electropherogramB-ahethoxyethyl cyanoacrylate adhesive samples are

illustrated in Fig. 3. The distillation of the cridnonomer is a purification process that removegs an



impurities and results in the production of thegunonomer. The two electropherograms in Fig. 3
illustrate the difference both quantitatively anghtitatively between the two stages of the produrcti

processi.e. the crude monomer stage and the pure monomer giodu

The crude monomer is expected to contain highentifies of the analytes, chloride, sulphate
and dimethoxyethyl phosphate, (DMEP), as this stageior to the purification step. Also, as thegu
monomer is subjected to a distillation, the sangaetains less analytes (DMEP is not present in the
pure monomer, Fig. 3 and Table 2) and the absoebaesponse is lower for this sample. The
concentration of chloride in the crude monomer dema@as determined to be 31§ mi* whereas in
the pure monomer sample this has reduced to lessttte limit of detection (ug mI*). There is a
decrease, too in the amount of sulphate determimélge crude monomer sample to compared to the
final pure monomer samplég., a reduction of 49% from the crude monomer sampl¢he pure
monomer sample. This demonstrates the effectiveafebe distillation process stage in the removal o

impurities from the adhesive.

The presence of chloride in the sample was injtitlbught to be due an artefact of sample
pre-treatment. In order to investigate this, a earg solvents were employed to dissolve the
cyanoacrylate sample, suchtexane, dichloromethane and toluene. However, nbtieese solvents
provided satisfactory extractions and chlorofornswanployed for all extractions, as this was the onl
solvent, which enabled the full dissolution of theéhesives. The analysis of the adhesives was also
performed using a higher grade of chloroform, (@h&solv), and the % recoveries obtained for both
grades of chloroform were comparable, 73-85%, withhtly reduced % relative standard deviation

(RSD) values obtained with HPLC chloroform, Table 1

The influence of Chromasolv chloroform on the conration of chloride in the adhesive
samples was investigated, Table 3. A decreasentiuaf chloride was determined with the higher
grade of chloroform for the distillation residuedagcrude monomer samples with no chloride detected
in the pure monomer sample. For the distillatiosidee sample, this was as a direct result of acetiu

% recovery, with a higher %RSD obtained with Chreada chloroform than the % recovery obtained



with the HPLC grade. It can also be concluded thatreduced quantity of chloride in the sample was

due to the higher quality of chloroform in the sdenpre-treatment.

3.2 Stability of cyanoacrylate adhesives

The optimum sample preparation procedure was appbethe analysis of cyanoacrylate
adhesives. CE is an ideal method for their anglgsie to its low sample consumption and compared to
chromatography methods, it results in rapid andilkigfficient separations [21-23]. A CE method was
developed, which was successfully applied to thentjfication of inorganic and acidic anions present
in cyanoacrylate adhesive samples [19]. The queatibn of the anions and peak confirmation in the

samples, were performed using both the internabistal method and by peak spiking.

The stability of the adhesive samples was invettjaver a three-year period and Fig. 4
illustrates electropherograms obtained for the yamimlof the- methoxyethyl cyanoacrylate crude
monomer sample within this time frame. From thiwdts apparent that firstly, the concentration ef th
analytes decreases from the first year of analyeis,example, the concentration of sulphate has
decreased from 4448 mitin year 1, to 13ug ml* in the final year. It is also evident that there a
extra unidentified peaks in the electropherogramd, that some analytes had been eliminated from the
final year analysis, such as chloride, sulphate @ahoacetic acid, in the crude and pure monomer
samples. This suggests that the adhesive sampliektabilised over time, possibly due to the additi
of the process acids during the production. From Bi it was determined that the acid MSA was
generated over time (year 3). This was expectatieaacid MSA is a by-product of extended storage

over time.

From these investigations it was found that, usiiy the efficiency of the manufacturing
method in the removal of impurities from the adhescould be monitored. The ability of CE to
effectively monitor the cyanoacrylate productiomgess was illustrated. CE offers many advantages
over chromatography techniques, such as reduceglsawolumes required for analysis by CE

(nanolitre, nl) compared to microlitredf volumes required for IC. Also, the length of bisés with



CE was significantly reduced with CE, notably 15nmfior CE compared with 25 min. for IC [19].

Moreover, CE was shown to be suitable for the ipthlstability studies of the adhesives in question.

4, Conclusion

A simple and reproducible sample preparation methad developed and successfully
applied to the analysis of cyanoacrylate adhesi@soroform was determined to be the optimum
solvent for their analysis as it enabled full distion of the sample. A comparison was made between
two grades of chloroform, HPLC and Chromasolv, &émel optimum method developed with HPLC
grade resulted in decreased % RSD values, <8 %amgd % recoveries, 77-83%. The relationship
between the type and concentration of the tracésgoiesent in the cyanoacrylate adhesive and the
stability and performance attributes of the adhesnay be monitored using CE. It is proposed that CE
represents a powerful alternative to the traditiact@omatographic technique for the simultaneous
analysis of inorganic and acidic anions in a cyangate matrix. The efficiency of the production
process was demonstrated. The effectiveness d@@Ehmethod in tracking the increasing purity of the
cyanoacrylate ester as it passes through the wapatfication steps in the production process was

clearly shown.
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Fig.1 The cyanoacrylate production process
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Fig. 2 The cyanoacrylate manufacturing process
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Fig. 3 Capillary electrophoresis analysis @pimethoxyethyl cyanoacrylate crude monomer and pure
monomer samples. The components have been identifefollows (1) chloride, (2) sulphate, (3)
formic acid (in pure monomer only, (& ml™), (4) MSA, (5) cyanoacetic acid, (6) chloroaceticdaci
internal standard, and (7) DMEP. Separation voltade kV, pressure injection 0.5 psi / 5 s, with
indirect UV detection at 254 nm. BGE: 15 mM chroejal mM CTAB at pH 8.5. Separation

temperature 25C. Effective capillary length 0.50 m
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Fig. 4 Capillary electrophoresis analysis of3anethoxyethyl cyanoacrylate crude monomer sample
over a three-year period. The components have ideetified as follows (1) chloride, (2) sulphat8) (
unidentified peak,(4) MSA, (5) cyanoacetic acid, (6) chloroacetic dacinternal standard, (7)

unidentified peak, (8) unidentified peak and (9) B All operating conditions as in Fig. 3.
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Fig. 5 Capillary electrophoresis analysis ofamethoxyethyl cyanoacrylate pure monomer sample
over a three-year period. The components have ibeetified as follows (1) chloride, (2) sulphat8) (

formic acid,(4) MSA, (5) cyanoacetic acid and (6) chloroaceitid, internal standard. All operating

conditions as in Fig. 3.
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Table 1. A comparison of the % recoveries and chloride catregions determined for the 3

methoxyethyl cyanoacrylate adhesive samples usiRgCHand Chromasolv grade chloroform.

Operating conditions as in Fig. 3

Sample % Recovery of % RSD (n=3) % Recovery % RSD (n=3)
chloroacetic acid HPLC chloroacetic acid Chromasolv
HPLC Grade Grade Chromasolv Grade Grade
Crude monomer 77.3 4.4 73.4 4.9
Distillation residue 79.5 3.2 75.2 5.2
Pure monomer 84.2 1.8 85.7 2.6

14



Table 2. Concentrations determined for some analytes feildimethoxyethyl cyanoacrylate

distillation residue. Operating conditions as ingFB

Sample Analyte Concentrationg mi™) % RSD (n=3)
Crude monomer 313x14 1.9
Distillation residue Chloride 60.5+12.0 19.9
Pure monomer 94+11 121
Crude monomer 446 +3.7 8.3
Distillation residue Sulphate 82.3+3.0 3.7
Pure monomer 226+15 6.6
Crude monomer MSA N/A
Distillation residue MSA* MSA N/A
Pure monomer 225+0.6 2.6
Crude monomer 11.3+0.8 7.5
Distillation residue Cyanoacetic acid None detected N/A
Pure monomer None detected N/A
Crude monomer > 100 N/A
Distillation residue DMEP > 100 N/A
Pure monomer None detected N/A
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Table 3. Chloride concentrations determined for the 3 meglethxyl cyanoacrylate distillation residue

with HPLC and Chromasolv grade chloroform. Opergtaonditions as in Fig. 3

Sample Concentration Concentration
(ng mrt) (ng mr)
HPLC Grade Chromasolv Grade
Crude monomer 31.3+14 31.1+14
Distillation residue 60.5+34 49.8+4.7
Pure monomer 94+1.1 None detected
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