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Synopsis

Diffusion and distribution of water in hair can reveal the internal structure of hair that determines the pen-
etration of various products used to treat hair. The distribution of water into different morphological compo-
nents in unmodifi ed hair, cuticle-free hair, and hair saturated with oil at various levels of humidity was 
examined using small-angle neutron scattering (SANS) by substituting water with deuterium oxide (D2O). 
Infrared spectroscopy was used to follow hydrogen–deuterium exchange. Water present in hair gives basically 
two types of responses in SANS: (i) interference patterns, and (ii) central diffuse scattering (CDS) around the 
beam stop. The amount of water in the matrix between the intermediate fi laments that gives rise to interfer-
ence patterns remained essentially constant over the 50–98% humidity range without swelling this region of 
the fi ber extensively. This observation suggests that a signifi cant fraction of water in the hair, which contrib-
utes to the CDS, is likely located in a different morphological region of hair that is more like pores in a fi brous 
structure, which leads to signifi cant additional swelling of the fi ber. Comparison of the scattering of hair 
treated with oil shows that soybean oil, which diffuses less into hair, allows more water into hair than coconut 
oil. These preliminary results illustrate the utility of SANS for evaluating and understanding the diffusion of 
deuterated liquids into different morphological structures in hair.

INTRODUCTION

Hair is a part of skin, a protective organ of most mammals. It consists of mainly keratin, 
a structural protein that is also a major constituent of hoofs, nails, and horns. Although 
hair has a molecularly complex hierarchical structure (Fig. 1) (1), three distinct parts can 
be identifi ed in the cross sections of human hair fi bers: the cuticle, the cortex, and the 
medulla (2). The cuticle sheath, which is the outermost protective layer, consists of sev-
eral layers of cuticle cells arranged like shingles on a roof. The cuticle envelopes the cor-
tex, which is made of cortical cells that comprise the major part of the α-keratin in hair. 
Cells in both the cuticle and the cortex are held together by cell membrane complexes. 
Cells in the cortex occur as an assemblage of macrofi brils with rodlike intermediate fi laments 
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(IFs, sometimes referred to as microfi bril) embedded in an amorphous matrix of keratin-
associated proteins cross-linked by the amino acid cystine. The IFs are made of eight 
protofi laments, each with a pair of coiled-coil α-keratin molecules, and thus contains 32 
α-helical chains. The medulla, which can be sometimes found in the cross section, is a 
structure made of incompletely developed hollow cells. IF and the surrounding matrix 
constitute about 85% of the hair shaft, but the properties of hair are determined by all 
the constituents that make up hair (3). This paper presents observations about the ingress 
of water and its distribution into the different structures of hair.

The mechanical properties of hair, such as tensile strength, bending, and torsional rigid-
ity, are sensitively dependent on the amount of water in the fi ber (4). Hair, with a hydro-
philic core and a hydrophobic surface, absorbs water from the vicinity, the amount 
depending on the relative humidity (RH) of the environment. The longitudinal swelling 
of hair with moisture content is the basis of hygrometer used for the measurement of RH 
in the environment (2). Water molecules diffuse into the fi ber through intercellular path-
ways, such as the cell membrane complexes, rather than transcellular pathways. The fi ber 
equilibrates rather slowly to the partial pressure of water vapor in the environment. This 
behavior has been studied and quantifi ed in detail, using dynamic vapor sorption analyzer 
(Surface Measurements Systems, Alperton, Middlesex, U.K.) (5). This apparatus gravi-
metrically determines the amount of water absorbed by hair from the moisture surround-
ing the hair sample as a function of RH. Desorption data can also be obtained in the same 
experiment by reversing the steps. From the data, a sorption–desorption isotherm com-
bination is generated by plotting the water uptake (% w/w) against %RH. A typical 
sorption–desorption isotherm is shown in Fig. 2. A sorption isotherm gives information 
about the water held in different forms at varying RHs. For example, water is held in the 
form of an adsorbed monolayer up to ~20 %RH, in the form of adsorbed multimolecular 
layers from ~20 to 65 %RH, and in the form of free water held in relatively large pores 
(capillary condensation) above 65 %RH. Water held by capillary condensation leads to a 
sharp increase in the swelling of the fi ber. For most hydrophilic materials such as hair, 
water content as measured during desorption is higher than that during the sorption 

Figure 1. (A) Schematic of the longitudinal section of hair shaft, (B) A model for the internal organization 
of the keratin molecules in the microfi bril.
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mode. This difference in the water uptake between desorption and sorption modes, 
known as sorption hysteresis, is characteristic of hydrophilic materials. The magnitude of 
this hysteresis depends on the detailed molecular structure and hydrophilicity.

Water uptake measurements provide information about the kinetics of water absorption, 
but not about distribution of water within the different morphological features of hair. This 
information can be derived from small-angle neutron scattering (SANS) obtained with wa-
ter replaced by its equivalent deuterium oxide (D2O) to achieve the scattering contrast. The 
scattered intensity at small scattering angles (2θ) contains information about large length-
scale (10–100 nm, mesoscale) structures. Although structural information at these length 
scales can be obtained using X-rays (small-angle X-ray scattering, SAXS), neutrons provide 
unambiguous interpretation of the features that are accessible to water. This is because neu-
trons are scattered differently by hydrogen and deuterium. By replacing hydrogen with 
deuterium on polymer segments or host molecules, without altering the structure of the 
polymer or the interactions between the polymer and the host molecules, the distribution 
of these “colored” molecules can be imaged at large length scales (6). SANS measurements 
are mostly carried out with polymers that are specifi cally synthesized by replacing some of 
the hydrogen atoms with deuterium, a demanding task. However investigation of the dif-
fusion of deuterated solvents into the polymer matrix is relatively simple. In this instance 
the contrast is generated by the distribution of the commercially available deuterated sol-
vents, in our case deuterium oxide or heavy water, into the nondeuterated polymer. Note 
that with X-rays the scattering contrast is due to differences in electron density. Therefore, 
in a complex structure such as hair, changes in the scattering intensities in SAXS are due to 
both the electron density changes resulting from the presence of water and the changes in 
the structural features of the matrix itself. In SANS, it is possible to assign the features in 
the scattering pattern solely to structures associated with water (D2O). Such work has been 
done on synthetic polyamides and starch (7,8). The data in Fig. 3, for instance, show the 
four broad diffraction spots generated by the presence of D2O in the interlamellar spaces of 
a hydrated nylon fi ber (9). A second feature in the SANS pattern, the diamond-shaped equa-
torial streak at the center of the pattern, is attributed to the water present in the longitudi-
nal channels as well as from the surfaces of the fi ber (10,11). We here carry out SANS 

Figure 2. Sorption–desorption isotherm obtained using a dynamic vapor sorption analyzer (Surface Mea-
surements Systems, Alperton, Middlesex, U.K.). Diamond symbols (bottom curve) corresponds to absorption 
and the square symbols (top curve) to desorption.
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measurements on several carefully prepared hair samples to see if similar distribution of 
water exists in hair. Infrared (IR) spectroscopy data are used to investigate the hydrogen–
deuterium (H–D) exchange that occurs during saturation with D2O.

EXPERIMENTAL

European dark brown hair (EDBH) obtained from International Hair Importers (Glendale, 
NY) was used in these experiments. Samples for SANS measurements were prepared by 
fi rst removing the water in the hair by keeping them under vacuum for 24 h, and then 
equilibrating them for several days in D2O atmosphere of desired humidity obtained us-
ing saturated salt solutions. A second set of samples were prepared by equilibrating them 
fi rst with D2O at the desired humidity for 24 h and then keeping the sample under vac-
uum at room temperature to remove free D2O from the sample. For experiments designed 
to study the effect of oil, hair soaked with oil was prepared by treating the two tresses 
with oil (0.5 ml/g hair) followed by combing to spread the oil uniformly. One of the 
tresses was heat-treated for 90 s at 180°C. Both tresses were left overnight and then im-
mersed in hexane for 30 s to remove surface oil. They were then equilibrated to the re-
quired humidity with solutions of salt and D2O. Cuticle-free (CF) hair samples were also 
prepared using the CF hair supplied as special samples by International Hair Importers.

SANS data were collected on the CG-2 and CG-3 beam lines at the Oak Ridge National 
Laboratory (Oak Ridge, TN). The q-range was between 0.05 and 0.025 nm−1. The data 
were normalized to tress thickness. Hair aligned in the form of a thin tress (~2–3 mm in 
thickness and ~15 mm in width) was mounted on U-frames made of aluminum plate 
using superglue. These plates were placed in airtight cells to maintain the samples at the 
required humidity. Different humidity levels were maintained using saturated solutions 
of appropriate salts in water and D2O. In the case of D2O the RH is expressed as %RHD.

Figure 3. (A) Schematic illustration of the distribution of water in a fi ber with crystalline and amorphous 
domains and (B) the resulting SANS pattern. Water in the interlamellar spaces gives rise to the meridional 
(fi ber-axis) and off-meridional scattering. Water in the longitudinal channels contributes to the scattering 
along the equator (perpendicular to the fi ber-axis).
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Attenuated total refl ectance (ATR) spectra were collected using Nicolet 6700 FTIR 
(Thermo Electron Corporation, Madison WI). The respective hair sample was placed on 
the ATR crystal. The spectral region from 900 to 4000 cm−1 was scanned. Spectra were 
analyzed using OMNIC software (Thermo Electron Corporation).

RESULTS AND DISCUSSION

INTERNAL STRUCTURE OF HAIR

An example of the two-dimensional (2D) SANS pattern is shown in Fig. 4A. There is a 
key difference between Fig. 4A and Fig. 2 that was used for illustrating SANS. The 
dominant feature in Fig. 2 is attributed to the water in the interlamellar spaces, and is 
therefore aligned close to the fi ber-axis (off-meridional). In contrast, the dominant feature 
in Fig. 4A is attributed to the water in the channels along the fi ber-axis, and therefore 
occurs along the equator. We attribute the equatorial peak to the water in the spaces be-
tween the IFs. Only half of the scattering pattern was obtained so as to record the second 
maximum. This second peak is signifi cantly weaker than the fi rst. A one-dimensional 
intensity scan (I vs. q) perpendicular to the fi ber-axes obtained from this image is plotted 
in Fig. 4B. Here, q is the scattering vector defi ned as

 q = 4π sinθ/λ (1)

where λ is the wavelength of the neutrons (0.478 nm) and 2θ is the scattering angle. The 
spacing (d ) between the scattering entities is calculated by Bragg’s equation

 d = 2π /q (2)

The large scattering intensity, shown in dark (or red) color in Fig. 4A, arises from both the 
contrast due to D2O and due to the H–D exchange in the amine and amide groups in the hair 
structure. As shown using the IR data in a later section, the water taken up initially is strongly 
adsorbed, or even exchanged between the amine and amide functionality of the protein.

The changes in the SANS intensity with the D2O concentration in hair can be understood 
by considering the changes in the contrast in the dry and the D2O-wet hair. Because hydro-
gen has negative scattering length, there is a small negative contrast in the dry samples. As 
shown later in the section on CF hair, this negative contrast gives rise to a SANS interfer-
ence peak even in dry samples. With infusion of some D2O, this contrast disappears at <6 
%RHD, and the scattered intensity approaches zero. As the hair continues to absorb more 
D2O, contrast reaches large positive values and the intensity increases considerably.

The interference peaks at q = 0.07 Å−1, the dumbbell-like pattern, and a weaker peak at 
0.13 Å−1 are evidence of D2O diffusing into the matrix between the IFs, as well as into 
the IFs. The d-spacing corresponding to the peak at q = 0.07 Å−1 in Fig. 4B is 95 Å. This is 
consistent with 75 Å size of the IF (Fig. 1B). The second weak peak at q ~0.13 Å−1 (d = 
48 Å) has contributions from the internal structure and from the lipids in keratinous tis-
sue (12,13). Although it was claimed that the presence of this ring could be used to di-
agnose breast cancer (14), this was later refuted (13). Consistent with these latter papers, 
our study data show that the 0.13 Å−1 peak is a composite of the second order of refl ection 
from IF assembly and from the lipids (to be published).
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Given that both the interference peaks (q ~0.07 and 0.13 Å−1) arise from the organization 
of the intermediate and protofi laments, we would expect that as the hair takes up mois-
ture and swells at the macroscopic level, there would be swelling of the structures at the 
level of IFs as well. This was indeed observed as the interference peaks (“dumbbells” spots 
in Fig. 4A) move inwards, corresponding to an increase in the d-spacing from 95 to 101 
Å as the humidity is increased from 32 to 92 %RH.

Figure 4. (A) A typical 2D small-angle neutron scattering from a hair sample. The dark spot is the shadow 
of beam stop that blocks the main beam. Side bar shows the intensity scale. The large arrow indicates the 
direction of alignment of hair fi bers. The two small arrows indicate the two interference peaks. These data 
were obtained from a hair tress equilibrated at 75 %RHD; (B) one-dimensional (1D) intensity scan as a func-
tion of scattering vector obtained from the 2D image by summing the intensity along a slice perpendicular 
the fi ber-axis.
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One observation in this study is that the scattering intensity corresponding to q = 0.07 and 
0.13 Å−1 did not change signifi cantly with the amount of water (D2O) in the sample after 
the fi rst hydration up to 50 %RH. This suggests that the fraction of water in the vicinity of 
the IFs in the cortical cells remains relatively constant over the 50–95% humidity range. 
This was also refl ected in the increase in the d-spacings. The increase in the d-spacings cor-
responds to a swelling of ~13%. However, Fig. 3 shows that the amount of water absorbed 
reaches 12% at 50 %RH, and then accelerates to reach value of ~25% as the humidity is 
increased to 95%. As amount of absorbed water increases with humidity, it shows that the 
additional water is present in regions other than the IF assemblies. The amount of water in 
these regions is expected to be different from that bound to the amide groups in the protein 
matrix. These assertions are supported by depolarization thermal-current (DTC) study in 
which ice-like water was reported at 19% water content (15). This water does not have the 
rotational properties of free water but has the polarization properties of the water molecules 
in the liquid state. Note that the 19% water content at which this new water peak appears 
in the DTC study is about the same value at which the amount of water accelerates in sorp-
tion isotherm experiments (Fig. 2). The central diffuse scattering (CDS) observed near the 
beam stop suggests that water could be present in mesoporous (void structures between 100 
and 1000 nm in size) regions in hair. Preliminary results in fact show a decrease in this in-
tensity in hair exposed to D2O, perhaps because of contrast matching. More than one struc-
tural feature contributes to the CDS (16). Important among these are the refraction from the 
macroscopic surfaces (hair) and microscopic surfaces (internal structure) (10), microvoids 
within the hair, and fi brils. Because the surface scattering and refraction from surfaces ap-
pear in the form of elongated streaks (10), absence of such elongated streaks along the equa-
tor allows us to attribute the CDS to internal structures and microvoids within hair.

Although water sorption data can be used to determine the pore volume distribution in 
hair, it will not be accurate, because water swells the hair as it is absorbed, thus continu-
ally changing the pore size. Mercury intrusion porosimetry is commonly used for porosity 
determination. In this method, mercury is forced into the void structure of the fi ber sub-
strate under very high pressures (17). This method is generally not used for organic fi bers 
because high pressures used deform the pore structure in the fi ber. The standard method 
for determining the pore size distribution in solid substrates such as fi bers is nitrogen 
adsorption at low temperatures, using Kelvin equation to convert the sorption data into 
pore volume (18). Gas adsorption measurements indeed show that pores are present in 
hair, and their distribution changes during various hair treatments (19). The presence of 
pores is confi rmed by recent detailed electron microscopy studies (20), atomic force mi-
croscopy studies (21), and optical measurements (22). Pores in the medullary features 
form a small fraction of the bulk of hair. Thus, water present in the keratinous structure 
gives rise to the interference peaks, and water present elsewhere, e.g., longitudinal pores, 
perhaps in the cortex and the cuticle, contributes to the CDS.

SANS OF CUTICLE-FREE HAIR

To determine if cuticular sheath is the locus of larger fraction of water in hair, we repeated 
the scattering experiments with CF hair. Samples of CF hair were prepared in the same 
way as regular hair as described earlier. Moisture-free samples of CF and regular EDBH 
were fi rst prepared by keeping them under vacuum in the presence of phosphorous pent-
oxide. SANS patterns of the dry (no H2O or D2O) CF-free hair are shown in Fig. 5A. 
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These patterns are similar to those of wet (D2O) samples in Fig. 4 with a typical dia-
mond-shaped halo around the beam stop and a faint dumbbell. The SANS images from 
these samples appear different because the data were collected under different instrument 
confi gurations. However, they provide the same information as the patterns in Fig. 4. 
SANS patterns from CF hair that were fi rst placed in vacuum to remove water and then 
equilibrated with vapor of D2O at 6, 50, and 95 %RHDs are shown in Figs. 5B–D. The 
intensity is enhanced at 50 and 95 %RHD because of the presence of D2O, indicating 
signifi cant amounts of water diffusing into the matrix. The scattered intensity in both the 
as-received and the CF hair are quite similar. This suggests that cuticle sheath does not 
hold any signifi cant amount of water, and that most of the water is present in the medul-
lary and the microfi bril regions of the hair.

ABSORPTION OF OIL IN HAIR

Earlier studies have shown a greater permeation of saturated vegetable oils such as coco-
nut oil into hair than the polyunsaturated oils such as soybean oil (23). Heat treatment 

Figure 5. 2D SANS images of cuticle-free hair. The dark spot is the shadow of beam stop that blocks the main 
beam. Side bar shows the intensity scale. (A) Dry hair, (B) 6 %RHD, (C) 50 %RHD, and (D) 95 %RHD.
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at high temperature often promotes the penetration of the oil deeper into the fi ber. To 
understand the mechanism of oil diffusion into the hair’s hierarchical structure, we pre-
pared four tresses as mentioned in the experimental section. The SANS patterns of these 
tresses are shown in Fig. 6. The interference peaks are more intense in the heat-treated 
hair in both the coconut and the soybean oil-treated hairs, suggesting that more water 
present in the spaces between the IFs. This shows that heat treatment opens up addi-
tional pathways, perhaps through the formation of new pores, for water to diffuse into 
the cortical regions of the hair. Detailed analysis (to be published) also showed that the 
interference peaks, both in the sample kept at room temperature and in the heat-treated 
sample, were stronger in the soybean oil-saturated hair than in the coconut oil-treated 
hair under the same conditions. This suggests that this diffusion-blocking effect is 
weaker with soybean oil than with coconut oil. This could be because of smaller amount 
of soybean oil penetrates into the fi ber and thus blocks fewer pathways for penetration 
of water than coconut oil (24). These results show that SANS is a useful technique for 
studying substrates that have been rendered hydrophobic by oil or other treatments, 
which block diffusion of water.

Figure 6. 2D SANS images of hair treated with oil. The dark spot is the shadow of beam stop that blocks 
the main beam. Side bar shows the intensity scale. (A) Coconut oil—before heat treatment, (B) coconut 
oil—after heat treatment, (C) soybean oil—before heat treatment, and (D) soybean oil—after heat treatment. 
All at 90 %RHD.
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H D EXCHANGE EFFECT OF D2O DIFFUSION INTO HAIR

Polymeric substrates capable of hydrogen bonding with water when treated with D2O 
undergo H D exchange. Upon drying, this leaves some residual D in the sample. In 
hair, H D exchange can occur at pendant –NH2 (as in amino acid lysine as well as –
CONH– functionalities), as shown by the following two schemes.

The possibility of such exchange can be studied by infrared spectroscopy [Fourier trans-
form infrared spectroscopy (FTIR) mode]. As the reduced mass increases when H D 
exchange occurs at N, both stretching and bending frequencies will be reduced signifi -
cantly. For example, N–H frequency of the amine group (3219 cm−1) will be reduced to 
2420 cm−1. But this frequency could not be followed in our experiments as it overlaps 
with that of CO2, and thus can be observed only with an FTIR spectrometer that can be 
fl ushed with nitrogen. Instead, we followed the bending frequencies of the amide func-
tionality (amides I and II) (1632 and 1516 cm−1, respectively). FTIR spectra of H D 
exchange in hair are shown in Fig. 7A. The fi gure shows that the amide II peak shifts 
down with the substitution of H with D as expected. Treating this sample with water at 
55°C should reverse this shift; however, this was not observed although Murthy et al. (7) 
reported such a shift at this temperature following the deuterated amine end groups in 
nylon. In the present work, this reversal was observed only after treating the sample with 
boiling water (100°C). This can be seen in Fig. 7B that shows the upshift of the amide II 
peak following the substitution of D with H.

CONCLUSIONS

This preliminary SANS study of human hair has shown that water is present in essentially two 
forms: one that is adsorbed through hydrogen bonding and exchanged with amine and amide 
nitrogen in the spaces between the IFs and protofi laments, and the other in mesoporous re-
gions as multimolecular layers and free D2O. Analysis of the interference peak due to water in 
the fi lamentary regions gives the spacing between the IFs to be 95 Å. A weak second-order 
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refl ection in the diffraction pattern is attributed to the organization of the protofi laments in 
the cortical cells of hair. Amount of water in these regions of IFs appears to be relatively small 
compared to the total amount. A larger fraction of water appears to be present in the mesopo-
rous regions, as indicated by the high-intensity near-zero scattering angles. Obvious features 
that correspond to the mesoporous entities in hair can be associated with the medullary struc-
tures, which are likely to be more hydrophilic and thus interact positively with water. Other 
mesoporous entities are the cracks generated by fi ber damage, both in the cortex and the en-
docuticle region of the cuticle cell. Further SANS experiments with carefully prepared and 
well-characterized hair samples and analysis of the data could provide a detailed distribution 
of water in regions other than the IFs.

Figure 7. IR spectra of hair. (A) Exposed to D2O, and then (B) immersed in boiling water.
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