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Synopsis

Adsorption of the polyquaternium-6 (Merquat®-100) conditioning polymer onto bleached human hair has
been investigated using environmental scanning electron microscopy (ESEM), X-ray photoelectron spec-
troscopy (XPS), and secondary ion mass spectrometry (SIMS). ESEM is not limited to a high-vacuum
environment, and therefore hair morphology could be studied under ambient and hydrated conditions. XPS
gave elemental analysis on the surface of the hair, in addition to information on the chemical environment
of the surface atoms. SIMS can produce high-resolution ion distribution images on the hair’s surface. Both
XPS and SIMS detected carbon, nitrogen, oxygen, and sulfur on the surface of the untreated bleached hair,
all of which were attributed to the biological matrix. Silicon was also detected and its presence was
attributed to either a previous silicone cosmetic application or to surface contamination. Due to the similar
elemental composition of hair and Merquat-100, treatment of the hait with a phosphorus-labeled
polyquaternium-6 cationic conditioning polymer was also investigated. XPS, with sensitivity of 1000 parts
per million (ppm), could not detect phosphorus present from any adsorbed polymer, but SIMS, with 1-10
ppm sensitivity, allowed high-resolution images to be obtained that illustrated the adsorption of polymer
onto the hair’s surface.

INTRODUCTION

Due to the increasing complexity of personal care formulations and strong market forces,
there is now a greater necessity than ever for manufacturers to substantiate claims
concerning their products. Therefore, there is a current need for further development of
analytical techniques capable of giving biological and chemical information on both the
hair’s surface and adsorbed cosmetic molecules such as polymers. The aim of this paper
is to demonstrate how techniques such as X-ray photoelectron spectroscopy (XPS),
secondary ion mass spectrometry (SIMS), and environmental scanning electron micros-
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copy (ESEM) can be exploited to this end. These techniques have the advantage over
many indirect and macroscopic tests that give little information on hair morphology and
the presence of specific adsorbates such as polymers. Quaternized cationic polymers have
a high affinity for the hair’s surface due to the hair’s negative charge at normal pH and
are typically used as conditioners due to their high cationic charge density. Generally,
hair conditioning involves some interfacial alteration in the protein matrix of the hair.

There is a wealth of literature covering electron microscopy studies of hair (1). Studies
include ESEM, which, unlike traditional SEM, does not require a high vacuum and can
allow the hair to be studied in an ambient and hydrated environment (2). More recently,
attention has been paid to hair structure and morphology using scanning probe and
atomic force microscopy (SPM and AFM), allowing the hair to be imaged at varying pH
and hydration levels (3—6). SPM has also been instrumental in detecting cationic poly-
mer adsorption onto hair, these polymers adsorbing strongly at normal pH due to high
cationic charge density, an essential property for hair conditioning (7,8).

There is little literature on spectroscopic studies of hair; however, electron energy loss
spectroscopy (EELS) has been used to map the sulfur distribution in human hair, giving
information on the distribution and abundance of keratin bonds (9). In addition, SIMS
imaging has recently been proposed by Gillen e @/ as a promising technique for
mapping distributions of certain ions in hair such as Ba*, K, and C,H," after doping
hair in various inorganic and organic solutions. Their recent work gives some good
examples (10).

With the emphasis on cosmetics, this paper shows how a variety of techniques can be
used to investigate the presence of adsorbed species onto biological materials such as
hair.

MATERIALS AND METHODS
GENERAL HAIR TREATMENT

Bleached hair samples were purchased from DeMeo Brothers, New York. The bleached
hair was studied both untreated, by simply rinsing the sample in distilled water and
allowing to dry naturally, and treated, as outlined below.

Treatment was carried out using polyquaternium-6, a cationic conditioning polymer,
[poly(dimethyldiallyl ammonium chloride), Merquat®-100, 40% active, Calgon Corpo-
ration, for polymer composition (see Figure la)} by soaking in a 0.1% w/w aqueous
solution (18M() deionized water) for two hours and then rinsing in running deionized
water for two minutes. The tress was then left to dry naturally for 24 hours.

To enable clearer detection of the polymer adsorption, and to differentiate the polymer
from the hair with greater distinction, some tresses were treated with a phosphorus-
labeled polyquat-6 derivative. This phosphorus-labeled Merquat® 100 was prepared by
polymerizing dimethyldiallylammonium chloride in the presence of hypophosphorous
acid as a chain regulator. The structure is given in Figure 1b. For distinction, the
commercially available Merquat®-100 will be referred to as N-Merquat®-100, and the
synthesized phosphorus-labeled as P-Merquat-100.
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Figure 1. a: Structure of the polyquaternium-6 polymer. b: Structure of the phosphorus-labeled polyquater-
nium-6 polymer. The molar ratio of n:m is approximately 99:1. For polymer synthesis see text.

INSTRUMENTATION

Environmental SEM. Environmental SEM (ESEM) permits high-resolution imaging of
fully hydrated materials. ESEM offers all the capabilities of conventional SEM, but a
differential pumping system enables specimens to be maintained in a gaseous environ-
ment to around 20-torr pressure (11). Secondary electron imaging exploits the ionized
gas in the chamber by using proportional gas amplification of the SE signal (12). The
ionized chamber gas also dissipates charge buildup on the specimen. Water vapor is a
convenient and efficient imaging gas. By balancing chamber pressure and specimen
temperature along the 100% RH isobar, specimens may be maintained in a fully
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hydrated state for long periods of time. Resolution is comparable to a conventional SEM
(~5 nm with a tungsten gun). Techniques like energy dispersive spectroscopy (EDS) are
routinely employed, but there are special considerations due to the gas in the chamber
(13,14). There is little literature on ESEM applications to human hair, but related
studies include the study of wool (15) and the development of detergents and personal
products (16).

In this work a Philips-Electroscan ESEM 2020 was used with a PGT IMIX EDS system.
Hair was clamped in a special metal stub designed to hold hair strands flat and to allow
reproducible positioning in the ESEM. In this way, individual strands could be exam-
ined before and after treatment with conditioning polymers. The stub was temperature-
controlled via a Peltier stage. Specimens were typically imaged at ~5°C and chamber
pressure ~5 Torr to maintain approximately 100% RH.

X-ray photoelectron spectroscopy (XPS). XPS analyzes the near-surface of materials with
analysis depths up to 50 A. It can give quantitative chemical information as well as
oxidation and structural environments on all elements apart from hydrogen and helium.
Soft X-rays, of energy hv, excite valence electrons from valence and core orbitals of
surface atoms. This is shown in Figure 2. The kinetic energy of the ejected electron, Ey,
is measured by an electron energy analyzer. These photoelectrons have energies according
to the relationship (17)

Eg=hv - Ex - @

where @ is the work function of the spectrometer. Eg is the binding energy of the
photoelectron to the parent atom, and this can be calculated from the other measured
and known values. XPS spectra are traditionally plotted as Eg vs photoelectron intensity.
XPS peaks can then be identified using tabulated binding energy values from XPS
handbooks yielding information on chemical composition and bonding environments.

Tresses of untreated and polymer-treated hair were clamped into separate metal stages
such that a mesh of hair at least 5 mm by 5 mm could be studied. XPS spectra were
acquired using a Fisons ESCAscope photoelectron spectrometer with dual anode X-ray
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Figure 2. Emission of a 1s photoelectron after X-ray beam of energy Av has interacted with atom. Eg is
electron binding energy and Ey the kinetic energy after leaving vacuum level.
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sources (Mg/Al) and a concentric hemispherical electron energy analyzer. Data acquisi-
tion and manipulation was carried out using microprocessor units with VGS software,
During acquisition of spectra the pressure in the main chamber was maintained at 8 x
107 torr to ensure a clean sample surface. Charge referencing was carried out against
adventitous hydrocarbon (Cls 284.6 €V) (17) from pump oil contamination.

Secondary ion mass spectrometry (SIMS). SIMS allows a mass spectrum of elemental and
molecular species present in the surface to be obtained (18). A highly focused ion beam
penetrates the surface under study, sputtering atoms and ions in the uppermost surface
layer, which are then analyzed according to their mass/charge (m/z) ratio by a mass
spectrometer. In a manner similar to SEM imaging, high-resolution SIMS images were
obtained by raster scanning the beam over the desired atea on the hair’s surface and
detecting locations of sputtered ions having a prefixed m/z value. However, in contrast
to XPS, SIMS is a surface-destructive technique due to the sputtering or erosion of the
surface atoms, and therefore acquisition times for spectra and images were kept to a
minimum.

The SIMS spectra and images were obtained using an in-house instrument comprised of
an electronically variable aperture-type gallium ion gun (FEI SD Gallium LMIS EVA
focusing column) fitted to a double-focusing magnetic-sector mass analyzer (Vacuum
Generators model 7035). An Everhart-Thornley electron detector was used for acquisi-
tion of secondary electron images. For secondary ion analysis, a 1nA, 25keV impact Ga*
microbeam was used, which allowed an image resolution of 300 nm. The upper mass
limit was configured at 100 daltons (D), and the instrument was calibrated using values
of 68.926 and 70.925 D for the backscattered Ga™ ions. Analysis was carried out using
the “Dayta” software package (19) running under Windows 95.

For obtaining spectra of the hair’s outer surface (epicuticle), 10-mm hair lengths were
mounted over an aluminium stub using silver dag adhesive at either ends of the hair. It
was essential that the hair made good contact with the stub throughout its length, and
so an aluminium mesh was placed over the sample to essentially clamp the hair and
enable it to lie flat. Due to problems of imaging hair lengths, which will be outlined
later, SIMS images were obtained on hair cross sections. Here 10-mm-length samples of
both N- and P-Merquat-100—treated hair were embedded in separate blocks of Agar 100
epoxy resin and then microtomed with a diamond knife. Due to the insulating nature
of the resin and hair, the blocks were gold-coated for analysis to eliminate charging.
Careful coating of the hair under high vacuum would not affect the elemental distri-
bution, and the metal layer was etched away before analysis using the 1nA 25keV Ga’
microbeam.

RESULTS AND DISCUSSION
ESEM

Figure 3a shows an ESEM image of virgin bleached hair. Figure 3b shows hair from the
same batch after exposure to pH 9.5 at 20.9°C. Some roughening and raising of the
cuticle is visible. Figure 3¢ shows hair from the same batch after treatment with a 3%
aqueous solution of Merquat-100 at pH 7. Although a little raising of the cuticle still
seems to be present after treatment with Merquat-100, this may be expected, as the hair
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Figure 3. a: Untreated virgin bleached hair. b: Virgin bleached hair exposed to aqueous environment at pH
9.5 and 29.9°C. Some raising of the cuticle is visible. c: Hair treated with 3% Merquat-100 at pH 7.
Conditioning treatment is expected to smooth and lower the cuticle in damaged hair.

was treated only once with the polymer solution to allow fair comparison to the
other techniques. However, the many images obtained from both untreated and treat-
ed hair showed less roughening on the conditioned cuticle compared to the untreated.
While ESEM is useful for revealing surface topography of the hair, it was not useful
for determining the distribution of Merquat over the surface owing to lack of topo-
graphic or Z contrast (except at unreasonably high polymer doses). Hair treated
with N-Merquat and P-Merquat was examined using EDS. The elemental composi-
tion of N-Merquat was not sufficiently different from that of the hair to allow EDS
mapping of the polymer distribution. In principle, the theoretical level of P in the
P-Merquat ought to be high enough to allow detection by EDS. However, in practice,
the concentration of P over the surface of P-Merquat—treated hair was below the detec-
tion limit, and this approach was abandoned in favour of SIMS and XPS. Beam damage
can be a problem in ESEM, especially with hydrated biological materials during EDS
(14). In this study, beam damage to the hair did not appear to occur under normal
operating conditions. :

XPS

The XPS spectrum of untreated hair is given in Figure 4. This shows the presence of
carbon, nitrogen, oxygen, sulphur, and silicon from the outer surface of the epicuticle.
The first four elements were expected, as they form the biological matrix of the hair, the
epicuticle being rich in the amino acid cysteine, which contains keratinized disulfide
bonds that give the hair its strength (1). Silicon on the sutface of hair can be explained
by the presence of silicon polymers in many shampoo and conditioner formulations (20),
and the hair may have been treated with these prior to study. In addition, it is commonly
known that silicones contaminate the surface of most materials, in particular polymers
(21), which makes any surface study of silicon difficult. Peak fitting was carried out on
regional elemental spectra to obtain information on the chemical environment. The
carbon 1s photoelectron spectra was resolved to two peaks, with the most intense due to
both the hydrocarbon chains present in the protein and pump oil contamination. The
less intense peak was due to the carbon from the carboxylic groups in the protein matrix.
The nitrogen and oxygen 1s peaks at 399.9 eV and 531.8 eV, respectively, were char-
acteristic of the organic biological matrix formed from the amino acids (22). For the
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Figure 4. Wide-scan XPS spectra of bleached hair.

silicon 2p peak, regional spectra showed a singlet at 101.9 eV, confirming the presence
of silicones or silanes on the surface of the hair (22).

Analysis of the spectra from the N-Merquat®-100 and P-Merquat®-100-treated hair
showed no new peaks compared to the untreated. It appeared that XPS was not sensitive
enough to detect any additional phosphorus or chlorine that would be present due to
polymer adsorption. A more sensitive technique is therefore needed to detect any ad-
sorbed polymer, and whereas the sensitivity for XPS is around 1000 ppm, SIMS enables
the detection of most elements down to the 1-10 ppm scale.

SECONDARY ION MASS SPECTROMETRY (SIMS)

SIMS spectra of hair lengths: Untreated hair. A negative SIMS spectrum of an unireated hait’s
outer surface is given in Figure 5a. The instrument was configured so that only ions
sputtered from the hair were detected. The acquisition time for spectra was approxi-
mately two minutes, and this sputtered less than 10% of the thickness of the epicuticle.
In agreement with the XPS measurements, C~ (12D), CH™ (13D), O~ (16D) OH"
(17D), C,~ (24D), C,H™ (25D), CN~ (26D) and S~ (32D) peaks were observed, these
making up the biological matrix at the surface. Of particular interest in the spectrum are
the peaks at 19 D (F7) and 35/37 D (Cl"), which were undetected using XPS. These are
therefore present in small amounts at the surface (<1000 ppm); however, it should be
noted that the relative intensities of the peaks for the different species in SIMS cannot
be compared directly, as the sensitivity factors of the elements vary greatly. It is thought
that the chlorine may originate from the bleaching process. An explanation for the
presence of fluorine is that the hair may have been treated prior to study with a cosmetic
containing a fluorocarbon surfactant or polymer, which are used due to their very low
surface free energies. A positive ion spectrum was also acquited, although, apart from
sodium (23D), potassium (39D) and silicon (28D) peaks, there was nothing further of
interest. Traces of sodium and potassium were detected due to their very high sensitivity
in SIMS and are present as trace metals in the hair.

SIMS spectra of hair lengths: P- and N-Merquat®-100—treated hair. The negative SIMS
spectrum of hair treated with N-Merquat®-100 is given in Figure 5b. This spectrum is
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Figure 5. a: Negative ion spectrum of untreated bleached hair. Counts are in arbitrary units. b: Negative
ion spectrum of N-Merquat®-100—treated hair. Counts are in arbitrary units.

similar to that of the wntreated, although the relative amount of chlorine on the hair
appears to be higher. The presence of chlorine in the polymer may be responsible for the
observed higher count rate, although from this evidence alone it is not yet possible to
draw firm conclusions.

Elemental and molecular SIMS imaging was initially carried out on the hair lengths,
although due to the hair not lying flat on the stub, image quality was poor and much
of the contrast in these images is related to the topography of the specimen. Therefore,
imaging was carried out on hair cross sections by embedding in resin as detailed
previously. Figure 6a shows the microtomed surface of the resin and hairs obtained by
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light microscopy. Figure 6b shows a typical hair that was studied, clearly exhibiting the
epicuticle, cortex, and medulla. The cross section is slightly oval in shape, as the hair has
been embedded at a slight angle to the normal cut.

ELEMENTAL AND MOLECULAR MAPPING OF HAIR CROSS SECTIONS

Secondary efectron and ion images were taken over the cross section of many hairs treated
with either N- or P-Merquat®-100, and typical maps are shown in Figures 7 and 8. It
was assumed that the elemental distribution remained constant along the hair during
imaging. This was supported by etching a further 20 nm into the hair and re-imaging.
It was observed that elemental maps were similar to those acquired on the initial surface.

N-Merquat®-100 hair. Figure 7a gives the backscattered electron image of a hair em-
bedded in resin. It should be noted that the hair has remained similar in appearance to
that taken by the optical microscope, and so it would appear that the effect of ultra-high
vacuum on the hair has not affected it too greatly. Figure 7b shows how CN~ (26D)
mapping can be used to emphasize the biological matrix, and Figure 7¢ shows how O~
sites are primarily located in the outer surface of the hair. Figure 7d indicates that the

(b)

Figure 6. a: Optical microscope image of microtomed surface of resin and hair to allow flat hair cross-
section studies. b: Optical microscope image of a typical hair cross section under study.
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(b)

(c) (d)

Figure 7. a: Backscattered secondary electron image of an N-Merquat®-100—treated hair in cross section
embedded in resin. Epicuticle, cortex, and medulla are cleatly seen for this hair. b: SIMS image of the CN~
(m/z 26D) distribution in the cross section shown in (a). c: SIMS image of the O~ (m/z 16D) distribution
in the cross section shown in (a). d: SIMS image of the F~ (m/z 19D) distribution in the cross section shown
in (a). e: SIMS image of the Si* (m/z 28D) distribution in the cross section shown in (a).

F~ is also predominantly located on the outer surface, which gives evidence that its
presence is due to environmental exposure or a cosmetic product. Unfortunately, Cl™
imaging was not possible due to the composition of the resin.

Figure 7e illustrates positive ion imaging, which can be used to detect the presence of
metals. The distribution of silicon in Fig 7e is again probably due to a previous
silicon-based cosmetic product or surface environmental contamination. Ideally, both
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(b)

Figure 8. a: Backscattered secondary electron image of a P-Merquat®-100—treated hair in cross section
embedded in resin. In this hair sample no medulla is present. b: SIMS image of the PO,” (m/z 63D)
distribution in the cross section in (a).

polymer solution and hair should be washed in hexane for siloxane impurity removal
before study, although, of course, this is highly impractical for any cosmetic study.
Ideally, silicon mapping should be carried out using isotopic labeling.

It should be noted that as both the biological matrix of the hair and the polymer have
similar elemental compositions it was not possible to obtain any distinction between
them. It was for this reason that a phosphorus-labeled polymer was synthesized.

P-Merquat®-100 hair. The phosphorus labeling of Merquat®-100 allows for unique de-
tection of adsorbed polymer. Figure 8a shows the secondary electron image of a hair.
Phosphorus imaging via PO,” (m/z 63D) is shown in Figure 8b and shows a weak ion
count around the epicuticle, indicative of adsorbed polymer. This was not previously
detected with the N-Merquat®-100—coated hair. To ensure that it was PO,~ imaged at
m/z 63D and not other ion fragments from the hair, a process of ion elimination was
carried out. Standard spectra of hydrocarbon, chlorinated, polyethylene glycol, and
nylon-6 (synthetic, containing peptide links) polymers contained no negative ion frag-
ments at m/z 63D (23). A possible detectable hydrocarbon fragment at m/z 63D is
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CsH; ™, but due to the high bond order, this is unlikely. Indeed, an image taken at m/z
65D to map for the similar C;H;™ ion showed virtually zero ion count over the resin and
hair. It can therefore be concluded that SIMS has the ability to detect adsorbed mac-
romolecules on the surface of hair.

CONCLUSIONS

Results have shown how these three techniques can be combined to give significant
information on the adsorption of polymer onto hair; indeed this can be extended to the
adsorption of most other adsorbates onto biological materials such as hair, nails, tissue,
teeth, or skin. SIMS allowed direct surface analysis and was capable of detecting adsorbed
polymers on the hair’s surface. Although direct detection could only be obtained using
SIMS, XPS has the ability to define the chemical environment or oxidation state of the
elements at the surface of the hair. These surface elements may be part of the hair’s
biological matrix, surface contaminants, or adsorbate molecules at a particularly high
concentration.

The recent advancement of ESEM has allowed biological materials such as hair to be
studied without the prerequisite of high vacuum, and therefore the behavior of hair can
be observed under ambient and hydrated environments.
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