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Theory of neutron reflection

Neutron reflection (NR) has been extensively used for determining the thickness and
composition of interfacial layers adsorbed from surfactants, peptides, polymers and
proteins.' Like X-ray reflection, neutrons have short wavelengths of a few angstroms,
making it inherently sensitive to the determination of molecular structures. Unlike
X-rays, however, the neutron signal arising from reflection is sensitive to deuterium
labeling. The reflection of neutrons at surface or interface can be similarly described
by the same equations as used for light. In specular reflection, these equations depend
only on the refractive index profile normal to the surface, which in turn depends on
the coherent scattering length density. The scattering length density profile derives
from the chemical composition and density of scattering species. Hence detailed

information about the interfacial region may be determined.

In a neutron reflection experiment, the reflectivity, R, is measured as a function of the
wave vector transfer, x, perpendicular to the reflecting surface, where

4rsin@
K=——"7-—

P (s1),

where @is the incidence angle and A the wavelength of the incidence neutron beam. R
is equal to the ratio of the intensities between reflected (/i) and incident (Linc(v))

beams and in kinematic approximation” it is given as

1672

R = Iref(/c) /IinC(K) ~ 7|p(l()|2 (Sz)a

where p(x)is the one dimensional Fourier transform of the scattering length density

profile (SLD), p(z), normal to the interface:

o0

px) = [exp(-inz)p(z)dz (53)
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Thus, these equations show that through Fourier transform neutron reflectivity is
related to the scattering length density across the interface. SLD or p(z) is related to

interfacial chemical composition through the following equation:
p(z) = sz‘ni (2) (s4),
i=1

where b;is the scattering length and »;is the number density of the i"™ element in a
given volume containing m different types of elements. Equation (s2) is only
approximate because when k becomes very low, it gives inadequate account of

multiple scattering and the relationship tends to deviate or break down.

There is thus a direct relationship between the reflectivity profile and the scattering
length density profile, and hence the composition profile normal to the interface.
Although direct Fourier transform as described above can be pursued, the common
difficulty lies in the phase resolution associated with the modulus squared term and

because of the relatively narrow k range over which the measurements are made.

It is often more convenient to use the optical matrix method® to calculate the
reflectivity exactly for any given model of the interface. Using this method, the
calculated profile is compared with the measured profile and the process is repeated
until an acceptable fit is obtained. The model typically consists of a series of layers,
each with a scattering length density p; and thickness z;, both of which are varied until
the optimal fit to the data is found. Although any one profile is not necessarily a
unique solution, different isotopic contrasts usually supply sufficient additional

information to ensure the uniqueness of the interpretation.

Because different nuclei scatter neutrons with different amplitudes and in the case of
proton and deuteron, with opposite phases, the use of a combination of protonated and
deuterated materials can substantially change the reflectivity profile of a system while

maintaining the same chemical structure. It is also possible, by adjustment of the H/D
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ratio, to prepare solvents which are matched to the surface so that the contrast
between surface and solvent is zero, giving a reflectivity profile arising only from the

interfacial material.

Once the thickness and scattering length density for a given interfacial layer are
defined, we can derive the volume fraction of the surfactant, ¢, in the adsorbed layer

¢p — p_pw (SS),
ppo - pw

where py, is the scattering length density of D,0 (=6.35x10° A™), Ppo 18 the scattering
length density of fragment species in the layer and p is the fitted scattering length
density. For a multilayer fit the weighted average scattering length density for the
layers will give an overall volume fraction for the entire absorbed layer. The the area

per molecule, A (in A?), of surfactant can then be calculated from

e
A= (s6),

where V,, is the volume of each layer fragment species (in A%) and 7 is the layer
thickness (in A). Surface excess or adsorbed amount of each layer fragment species

(in mgem™) can be obtained from

Mw

_ 7
6.024 7,

where MW is the molecular weight of each layer fragment species (in gemol™).

For a multiple layer model fitting, the total surface excess or adsorbed amount should
be the sum of surface excess or adsorbed amount of each layer fragment species.
Subsequently, the area per molecule of the whole surfactant adsorbed at the
solid/water interface can be calculated by equation (s7), but MW should be the

molecular weight of species.

4 =W (s8)
6.02T

total
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In the case of a uniform model analysis without sensitivity to the separation between
the tail and head group regions of the surfactant layer, water is freely associated with
these regions and fills all gaps available. Thus, the structural parameters to be

obtained must fulfill the following relations:

n = As total _V;
! 30
b.+n b
=t W W 39 ,
P AT (s9)
v,
¢p - Asri

In the case of adsorption of Ci4K, lipopeptide onto the hydrophobic C8/water
interface, the most appropriate model that was found to fit the measured reflectivity
profiles well consisted of a hydrophobic region close to the C8 surface and a
hydrophilic peptide region into the bulk solution. All above equations apply to each
region or layer given due consideration of segregation of acyl chain and peptide

fragments and the number of water molecules associated with space filling.
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Table S1. Physical parameters for C14K, lipopeptide surfactants

Sample Length Volume Scattering length, b/107/ A™! Scattering length density, p/10°/A~
fragments 1/A v/ A® D,0 CMSi H,0 D,0 CMSi H,O
hCyy 19.21 404 -2.08 -2.08 -2.08 -0.05 -0.05 -0.05
dCyy 19.21 404 278.99 278.99 278.99 6.90 6.90 6.90
K, 3 175.3 59.32 33.30 17.68 3.38 1.90 1.00
K, 6 350.6 116.70 64.70 33.48 3.33 1.85 0.95
K3 9 5259 174.12 96.10 65.08 3.33 1.83 0.94
K4 12 701.6 231.52 127.5 65.08 3.30 1.82 0.93

Table S2 C14K; 4structural parameters obtained from I-layer model fitting to neutron
reflectivity profiles measured at theC8/water interface. The C8 layer was determined
from pure D,0 with t=11+3 4 and p=1.4x10°/47. All the measurements were made
above CMC, at pH 6 and 22-23°C.

Sample +2/ A (prgjg:)Alz) iﬁip;(/);)z 0p+0.05 /1;:);52 A+2/ A ny,
hC4hK,;(1CMC) 22 0.99 1.4 0.92 2.07 28.5 1.59
hC4hK,(1CMC) 21 1.5 1.6 0.98 2.19 36.6 0.46
hC;4hK;3(1.5CMC) 19 1.9 2.4 0.89 1.84 55.0 6.30
hC14hK4(1.5CMC) 19 2.1 3.0 0.79 1.70 73.7 9.84

Table S3 C14K; 4structural parameters obtained from 2-layer model fitting to neutron
reflectivity profiles measured at the C8/water interface. The C8 layer was determined
from pure D>O with t=11+3 4 and p=1.4x10°/47. All the measurements were made
above CMC, pH 6 and at 22-23°C.

(Ppot0.1)  (py=0.1) T0.15  Tiw0.15 ]
Sample Layer 1£2/A CL0AZ x10YA2 $,£0.05 g Jng A+2/ A
hCy4 17 -0.05 0.9 0.85 1.26
hC4hK, (1CMC) 2.06 28.6
hK, 10 3.38 4.6 0.59 0.80
hCy4 13 -0.05 0.5 0.91 1.03
hC14hK,(1CMC) 223 36.1
hK, 13 3.33 4.2 0.71 1.20
hCy4 10 -0.05 1.7 0.73 0.63
hC 4hK5(1.5CMC) 171 59.5
hK; 12 3.33 4.2 0.71 1.08
hCy4 9 -0.05 1.8 0.71 0.55
hC4hK4(1.5CMC) 1.91 64.5
hK4 14 3.30 4.0 0.77 1.36
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Table S4 C14K; structural parameters obtained from 2-layer model fitting to neutron
reflectivity profiles measured at the C8/water interface. The C8 layer was determined
from pure D,0 with t=11+3 A and p=1.4x10°/47. All the measurements were made
at ImM, pH 6 and at 22-23 °C.

Sore/eontrast | L w2 (pt0) (0D TS TeuE01S ALY
ample/contras ayer .
P Y A 10942 x09a2 * /mgm?  /mgm? A
hCy 17 -0.05 0.9 0.85 1.26
hC14hK1/D,0 206 286
hK, 10 3.38 4.6 0.59 0.80
dcyy 17 6.91 6.8 0.82 1.36
dC14hK/D,0 208 305
hK, 8 3.38 44 0.66 0.72
~dCy 17 6.91 6.0 0.81 1.35
dCy4hK,/CMSi 206 308
hK, 8 1.90 1.96 0.65 0.71

Table S5 C14K; structural parameters obtained from 2-layer model fitting to neutron
reflectivity profiles measured at the C8/water interface. The C8 layer was determined
from pure D0 with t=11+3 A and p=1.4x10°/47. All the measurements were made
at ImM, pH 6 and at 22-23 °C.

(Ppot0.1)  (ppx0.1) [+0.15  Tio@0.15 2
Sample/contrast Layer t+2/ A LA X 10C/A2 $,+0.05 fmgm?  fmg m? A+2/ A
hCy4 13 -0.05 0.5 0.91 1.03
hC4hK,/D,0 2.23 36.1
hK, 13 333 4.2 0.71 1.20
dCyy4 13 6.91 6.85 0.82 1.04
dC,4hK»/D,0O 2.07 40.9
hK, 11 3.33 4.2 0.72 1.03
. dCy 13 6.91 6.0 0.81 1.04
dC,4hK,/CMSi 2.07 40.9
hK, 11 1.85 1.9 0.73 1.03
dCyy 13 6.91 5.3 0.79 1.00
dC,4hK»/H,O 2.04 41.5
hK, 11 0.95 0.55 0.74 1.04
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Table S6 C14K; structural parameters obtained from 2-layer model fitting to neutron
reflectivity profiles measured at the C8/water interface. The C8 layer was determined
from pure D,0 with t=11+3 A and p=1.4x10°/47. All the measurements were made
at 3mM, pH 6 and at 22-23 °C.

Sore/eontrast | L w2 (pt0) (0D o TS TeuE01S ALY
ample/contras ayer .
P Y A 10942 x09a2 * /mgm?  /mgm? A
hCy 10 -0.05 1.7 0.73 0.63
hC14hK4/D,0 172 595
hKs 12 3.33 42 0.71 1.08
dcy 12 6.91 6.7 0.64 0.74
dC14hK5/D,0 182 584
hK 12 3.33 42 0.71 1.08
~dCy 12 6.91 5.2 0.65 0.76
dCy4hK3/CMSi 184 584
hKs 12 1.83 1.9 0.71 1.08
iy 12 6.91 42 0.64 0.74
dC14hK3/H,0 182 584
hK 12 0.94 0.5 0.71 1.08

Table S7 C14Kystructural parameters obtained from 2-layer model fitting to neutron
reflectivity profiles measured at the C8/water interface. The C8 layer was determined
from pure D,O with =113 4 and p=1.4x10°/47. All the measurements were made
at 4mM, pH 6 and at 22-23 °C.

Ppot0.1)  (ppt0.1) I'£0.15 Tiux0.15 A+£2/

(
Sample/contrast Layer 1+2/ A K104 x109A2 $,£0.05 - /g m” It
hCyy 9 -0.05 1.8 0.71 0.55
hC,4hK4/D,0O 1.91 64.5
hK4 14 3.30 4 0.77 1.36
dCy4 8 6.91 6.75 0.73 0.56
dC,4;hK4/D,0 1.72 74.3
hK4 12 3.30 4 0.77 1.16
. dCyy 8 6.91 5.6 0.73 0.57
dC4hK4/CMSi 1.71 75.1
hK4 12 1.82 1.88 0.76 1.14
dCyy 8 6.91 4.8 0.72 0.56
dC,;hK4/H,0 1.7 75.1

hK4 12 0.93 0.57 0.76 1.14
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Fig. S1 Interfacial adsorption of lipopeptide surfactants plotted as surface adsorbed
amount expressed in mgem™ versus time at the hydrophobic solid /water interface at
the concentration of above CMC , pH 6 and 22-23 °C: C1K;(o, ImM), C1,K; (O,
ImM), C14K; (A, 3mM), and C14Ky (O, 4mM). The continuous line is drawn to guide

the eyes.
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Fig. 82 2-layer layer model fitting to C;4K, monolayer adsorbed at the Cs/water
interface: hC4;hK; in D0 (%) dC14hK; in D;0 (0); dC4hK; in D,O-H,O mixture (p
=2.07x10° A7) (4) and dChK> in H>O (0). All the measurements were made at
ImM, pH 6 and at 22-23°C. Symbols represent the measured data; continuous lines

represent the best fits. .
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Fig. 83 2-layer layer model fitting to C14K; monolayer at the Csg/water interface:
hC14hK; in D,O (X) dC14hK; in DO (O),' dC14hK; in D>O-H>0 mixture (p :2.07><]0_6
A7) (4) and dChKsin H>O (D). All the measurements were made at 3mM, pH 6 and
at 22-23°C. Symbols represent the measured data, continuous lines represent the best

fits.
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Fig. 84 2-layer layer model fitting to C;4K; monolayer adsorbed at the Cs/water
interface: hC4shKy in D0 (%) dC14hKy in D0 (0); dCi4shKy in D,O-H,O mixture (p
=2.07x10° A7) (4) and dC;hK,in H>O (0). All the measurements were made at
4mM, pH 6 and at 22-23°C. Symbols represent the measured data; continuous lines
represent the best fits.
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