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ABSTRACT: Anomalous changes of physical properties are
observed in an abrupt bulk-to-discrete transition in layered
silver alkanethiolate (AgSCn, n =1 16). A critical chain length
of n,, = 7 marks the sharp boundary between the bulk (uniform,
n 7) and discrete (individualistic, n  6) forms of AgSCn.
Solid-state *C NMR analysis reveals that none of the carbons
share identical chemical environment in the discrete range,
making each AgSCn with n = 2 6 uniquely di erent material,
even though the crystal structure is preserved throughout.
Extraordinary changes of thermodynamic properties appearing
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at this bulk-to-discrete transition include 500% increases of melting enthalpy ( H,,), 50 °C increases of melting point (T,,),
and an atypical transition between size-dependent T, depression and T, enhancement. We develop a new comprehensive
Gibbs Thomson model with piecewise excess free energy ( Geess) t0 predict the nature of the abrupt size e ect melting. A
new 3D spatial model is constructed to divide the aliphatic chains of AgSCn into three bulk or discrete segments: () tail segment

containing three carbons, (b) head segment containing two carbons, and (c) bulk mid-chain segment containing (n
Odd/even e ect of T,, and H,, is described by a constant

5) carbons.
Gexcess OVer the entire chain length range of AgSCn and is

exclusively attributed to the localized tail segment. Bulk-to-discrete transition occurs when material properties are dominated by
the discrete head and tail segments at n < n,,. Values of n, are independently measured by both calorimetry and **C NMR. This

analysis is generalized to other aliphatic layers including n-alkanes with ng,

11. This work is seminal to the design of novel

aliphatic layers with tailorable properties (e.g., T,,) and has applications in molecular electronics and biophysics.

1. INTRODUCTION

Materials often exhibit exotic properties because of discrete
regions , regions that have di erent chemical environment from
the remaining part of the system. Material at the rst level is
treated as a uniform bulk with single sets of intrinsic and
extrinsic characteristics; the next level incorporates ner details
of the system by segmenting it with discrete regions, including
interfaces (e.g., lamella mating boundaries)," * surfaces (e.g.
nanoparticle spheres),®> ° and defects (e.g., gauche kinks).*
The e ect of these discrete regions is highlighted by material
miniaturization. At extremely small scale lengths (<10 nm),
properties of the whole object (e.g., melting,** lattice
structure,”>** bandgap,"**° conductivity,*® optical'’) are
dominated by the nature of discrete regions.

Materials with ultimate size scales, such as graphene,*® 2D
metal dichalcogenides,' layered silver alkanethiolate
(AgSCn),>* and clusters of countable atoms®* * are currently
of growing scienti ¢ and technological interest. These are
examples where the discrete regions comprise the majority of
the materials.

7 ACS Publications  © 2017 American Chemical Society

13916

Size-dependent melting (T,,) of nanoparticles’** 28 sets

an example of progressive transition from materials of mostly
bulk to those dominated by discrete regions (bulk-to-discrete
transition). Melting enthalpy ( H,) of Sn nanoparticles
disappears at a critical radius of 25 A (Figure 1a)."" Bulk
properties are only de ned in particles larger than the critical
size, with the inner bulk core embedded in the discrete surface
overlayers,”"**%° whereas the entire system is occupied by the
discrete region below the critical radius. Chemical environment
(bonding, mobility, packing) of the atoms in the discrete
surface may be completely di erent from that of the bulk core.

This work is focused on a systematic study of 2D aliphatic
layers near the critical size. AGSCn (n =1 16) is chosen as the
model system due to its importance in biophysics*** and

exibility of designing new materials from interface tailor-
ing.**** A new synthesis method™® developed in our group
creates highly ordered metal thiolate layers with extremely
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Figure 1. (a) Plot shows

H,, as a function of Sn nanoparticle radius.**
the schematic magni cation of the particle) show that the surface regions become dominant as particle size reduces.

Schematics of nanoparticles (not to scale, numbers such as x12 refer to

H,, vanishes at/below radius

of 25 A. (b) Schematics illustrate the gradual shortening of the chain length of long chain AgSCn (e.g., n = 10) to access lamellae with extremely
short chain lengths (n =1 5). An AgSCn layer consists of an Ag S slab with alkyl chains extending both sides. The interlayer interfaces (yellow)

and the Ag S slabs (green) act as discrete regions in AgSCn.

short chain lengths (n = 1 5), which were previously
considered almost disordered.*”*

We access the discrete regions (Ag S slabs and van der
Waals interlayer interfaces) of AgSCn lamellae by gradually
shortening the aliphatic chain length (Figure 1b). Sharp
anomalies begin to present below a critical chain length of n,

7. Parallel alkyl chains are bonded laterally with van der
Waals force. Chain melting of AgSCn is essentially an order
disorder phase transition, in which gauche defects are
accumulated in the initially all-trans alkyl chains,**® “° while
the Ag S slabs are intact.>® *°

Biological molecules like phospholipids®* (building blocks of
cell membranes) have similar structures to AgSCn layers.
Lamellar chain melting of lipids** ** is of particular interest
regarding lipid protein interactions,*> membrane-expanding
drugs,” and lung alveolar dynamics.*® T,, of lipids also depends
on the nature of discrete regions, including the head functional
groups and the membrane surfaces.*>*’

Solid-state *C nuclear magnetic resonance (NMR)**“® °% is
used in this work to measure the chemical environment and
tag/probe the positions of each atom located within the
discrete regions. It is highly sensitive to the miniscule localized
variations of individual carbons.

Calorimetry measurements allow us to quantify the
composite (spatially averaged but not localized) thermody-
namic properties of the whole lamellar system.

In this paper, we semiquantitatively link the global
(calorimetry) and the local (NMR) characteristics of atoms
within the discrete regions of aliphatic layers. We observe an
abrupt bulk-to-discrete transition occurring at a critical size of
Nng = 7 in AgSCn lamellae. A new spatial model is established to
divide the alkyl chains into head, tail, and bulk mid-chain
segments. An internal phenomenon (odd/even e ect) is
detected in both the melting and NMR chemical shift of
AgSCn and is exclusively attributed to the nature of talil
segment, within a new 3D representation of the interface
region. A new comprehensive Gibbs Thomson (GT) model is
developed to piecewise couple the excess free energy ( Geycess)
to predict the anomalous size-dependent melting above/at/
below the critical size. This methodology is generalized to other
aliphatic layers with unique discrete regions, including n-alkanes
with n, 11,
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2. EXPERIMENTAL SECTION

2.1. Synthesis. AgSCn (n =1 16) lamellae in this work are
synthesized by a modi ed solution method reported in our
prior paper.**“° In step 1, silver salt is mixed with n-alkanethiols
in acetonitrile to produce AgSCn precipitation. In step 2, the as-
synthesized AgSCn is Ostwald ripened or recrystallized in hot
toluene to improve structure ordering. All samples are
multilayer single crystals (n = 1 16) with formulas
stoichiometry, all-trans alkyl chains, well-registered interlayer
interfaces, and highly ordered lattice structures.”> The whole
synthesis procedure is detailed in the Supporting Information.

2.2. Solid-State **C Nuclear Magnetic Resonance
(NMR). C NMR spectroscopy is applied to measure the
chemical environment of carbons along the alkyl chains in
AgSCn (n =1 16). All the spectra are obtained using a Varian
Unity Inova 300 NMR spectrometer (7.05 T), operating at a
resonance frequency of , (¥*C) = 7547 MHz at room
temperature. A Varian/Chemagnetics 4 mm double-resonance
APEX HX magic-angle spinning (MAS) probe is used for all
MAS experiments under a spinning rate of 10 kHz and TPPM
'H decoupling. The samples are nely ground and packed into
4 mm o.d. standard zirconia rotors.

Experimental carbon chemical shift referencing, pulse
calibration, and cross-polarization condition are done using
powdered hexamethylbenzene (HMB), which has a chemical
shift of 17.3 ppm (for the methyl peak) relative to the primary
standard, TMS at 0 ppm. For cross-polarization MAS
(CPMAS) experiments, the *H 90° pulse width is 2.25 s,
the contact time used is 1 ms, and the recycle delay is set to 2 s.
Generally, 600 1000 scans are acquired with an acquisition
time of 40 ms for each spectrum to get decent signal-to-noise
ratio. Typical line broadening applied for most spectra is 25 Hz
with 2 or 3 zero lls done to get 8192 data points in the
frequency domain spectra.

Direct-polarization MAS (DPMAS) is used to measure the
carbon spin lattice relaxation times (T,) of carbon. The 90°
pulse width is 2.5 s, a recycle delay of 30 110 s is used, and
200 2000 scans are collected for each spectrum. T, is
measured using the standard inversion recovery sequence
( 1 /2 , acq) using recycle delays that are at least 5
times the longest carbon T, values to ensure full equilibrium
magnetization. The time between the 180° inversion pulse and
the 90° pulse (i.e., ; or recovery time) is incremented from
very short delays (generally in s) to longer delays (up to
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Figure 2. (a), (b), and (c) show the chain melting T,,, H,, and S, of AgSCn (n=1 16) as a function of chain length, respectively. The solid red
and blue curves refer to the GT-C model. The orange and cyan shades illustrate the magnitude of the short-chain e ect. (d) Plot shows the linear

tting between (1/T,%"

1/T,°%% and 1/n. The method used to obtain the data is described in the Supporting Information (Figure S-4).

seconds, depending on which carbon site). The spectra start
out inverted (negative peaks), and as the recovery time is
increased, the signals will recover their magnetization and the
typical positive spectra are obtained. The T, relaxation curves
are then tted using the data analysis module in MestReNova
version 8.1, using the three parameter exponential t:y=B+
F exp( xG).

2.3. Di erential Scanning Calorimetry (DSC). Melting
properties (melting point T,, molar melting enthalpy H,,
molar melting entropy  S,,) of AgSCn crystals are systemati-
cally investigated using a PerkinElmer Standard DSC-4000 with
aluminum sample pans. It has a temperature resolution of 0.1
°C and a calorimetric enthalpy error of 2%. The heating and
cooling rates of all the scans are set to be 10 °C/min. The
instrument is precalibrated using standard indium and zinc
metals before real measurements.>’ Experiments are conducted
in N, atmosphere. The real time heat capacity (C,) of the
sample is calculated by dividing the collected heat ow over
scanning rate. The obtained C, vs T curves are used to
determine T, (peak position) and H,, (peak area over sample
weight) of samples. S, is calculated by dividing H,, over T,

3. RESULTS

3.1. Size-Dependent Chain Melting. Calorimetric C, vs
T curves of AgSCn (n =1 16) lamellae are illustrated in Figure

S-1 in Supporting Information. Each curve shows only one
phase transition peak that represents chain melting. All
transitions are reversible under multiple heating/cooling cycles
( H,, varies within 10%), except for AgSCL1. Details of the
reversibility are given in the Supporting Information (Figures S-
2 and S-3).

Partsa c of Figure 2 show the T,,, H, and S, of AgSCn
(n =1 16) crystals as a function of chain length, respectively.
For the purpose of this paper, we denote three stoichiometry
ranges of AgSCn: AgSC1, discrete (short chain) AgSCn (n =
2 6), and bulk (long chain) AgSCn (n 7). AgSCn (n = 2
16) compounds categorized in bulk and discrete ranges are the
focus of this work. The following four key features are observed
by the calorimetric measurement:

(1) Bulk AgSCn (n 7) follows the classical GT
model®® 2 with constant values of Geycess.

(2) Odd/even e ect melting is observed and follows the GT
model with constant values of G OVer the entire
range of chain length (n = 2 16).

(3) Melting of discrete AgSCn (n = 2 6) requires a new
feature in the classical GT model: variable values of

Gexcess:

(4) AgSC1 must be considered as a separate material due to

a di erent crystal structure.
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Figure 3. (2) Plot shows the deviations (residues) of H,, (Figure 2b) from that of the linear tting of either odd or even chain AgSCn withn 7.

H,, residue for the tting of even chain lamellae (n 7, blue dashed line) is set to be zero. (b) Plot compares the measured T,, (same as Figure 2a)
and the GT-COM modeled T,, as a function chain length for AgSCn (n = 2 16). The gray region denotes the decomposition temperature of
AgSCn. (c) Plot shows the modeled excess free energy ( Geyeess) S a function of chain length. (d) Bar plot compares the magnitude of the three
terms of excess free energy contributed from the short-chain e ect (yellow), the base energy (blue), and the parity e ect (green). The dashed line

refers to bulk  Hcy, as a reference.

3.1.1. Long Chain Melting (n  7): Classical GT Size E ect.
Measured values of T,,, H, and S, (Figure 2a c) for long
chain AgSCn (n > 6) are consistent with bulk values from
literature within experimental errors.>*®84%57 A|l T, values
converge to T, = 1335 °C (obtained in section 3.2) for
extremely long chains (n ). Melting properties (T, Hm,

Sm) in this region depend on two separate and independent
attributes: chain length and chain parity.

Size-dependent melting®® is a universal rule that occurs in all
materials, including metal particles®***°%*% and polymeric
layers.t#00615485 The e ect can be described quantitatively by
the classical GT model,*® with the form of eq 1 speci cally used
in aliphatic materials:®-®

1 - _1 18 Goxcess

Tm TO HCHZn (1)

where n is chain length and Hgy, is the bulk melting

enthalpy per CH, group (its value is measured later in this
section). For the purpose of this work, eq 1 is labeled as GT-C
model due to constant values of Ggyesr Whereas GT-COM
model refers to the new comprehensive GT model and

contains both variable and constant G, Size e ect melting
of most materials can be explained by the GT-C model,
including metals (e.g., Sn,** In") and polyethylene.>°

In this work, GT-C model is applied separately to the
melting of odd and even chain AgSCn but is valid only for a
certain range of chain length. Figure 2a (solid red and blue
curves) shows the model works well for long chain crystals with
chain lengths exceeding a critical size of n,, = 7.

In this regime of n  n,, H,, (Figure 2b) and S, (Figure
2c) values scale linearly with chain length in analog with
Vegard s law.®” ®° The di erential values of enthalpy per CH,
unit are identical for odd (4.13 % 0.06 ki/mol) and even (4.12
+ 0.09 kJ/mol) chain AgSCn (n 7). This is consistent with
the ones obtained from bulk polyethylene ( Hcy, = 3.9 4.1

ki/mol)>" and long chain n-alkanes (n = 11 100, Hcy,0% =
418 + 008 ki/mol, Hcy " = 414 + 001 ki/mol).”
Similarly, melting entropy per CH, group ( Scu,) obtained

from the linear ttings of long chain AgSCn (n 7) is 10.18 =
0.15 J/(mol K) and 10.08 = 0.22 J/(mol K) for odd and even
chain crystals, respectively. These values agree with others
results of 7 12 J/(mol K).*® The y-intercepts of the H,, and
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Sm plots represent the excess enthalpy and excess entropy
associated with melting and are utilized to estimate the excess
free energy:  Guee™®™ 071 kI/moland  Gyeel™  0.30
kJ/mol.

Interestingly, the direction of size e ect melting is opposite
between odd and even chain AgSCn (n 7, Figure 2a). This
observation shows the coexistence of melting point depression
(even chain) and melting point enhancement (odd chain) in a
single material system. T,, decreases for even chains while it
increases for odd chains as chain length shortens, with their
corresponding values of  Gg,cess ShOWing opposite signs (£) in
the GT-C model. The di erence in the packing of lamellae
interfazces for odd and even chain crystals is responsible for this
e ect.

3.1.2. Odd/Even Parity E ect. Strong odd/even e ect
(parity of chain length) is observed in all calorimetry data
(Figure 2a ¢, T, Hg Sy) for multilayer AgSCn (n =2
16). This parity e ect was also observed in our prior works for
the layer thickness of the same lamellae®*® as well as T,, of 2-
layer, 3-layer, and 4-layer AgSCn (n 7). In contrast, the odd/
even e ect is weak, if at all present, in our previous multilayer
samples (poor crystallinity),> due to the limitation of the
growth technique, as compared to the improved synthesis
route™® in this work.

The parity e ect for the T, of AgSCn (n =2 16) is analyzed
in Figure 2d and eq 2 by di erentially applying the GT-C
model to odd and even chain crystals:

dd &
L1 1 als @
Hep,n )

Tr%ven Tr%dd TO

Surprisingly, the parity e ect is independent of the attribute
of AgSCn that is responsible for the short-chain e ect (see
section 3.1.3). The excess free energy di erence in eq 2 is
found to be a constant ( G244, GE®0. = 0.999 + 0.017 ki/
mol) for all chain lengths, including discrete AgSCn (n=2 6),
as illustrated by the linear tting of Figure 2d. This result occurs
despite the observation that both G4 and ~ GE%n, vary
considerably in the short chain regime (n 6, section 3.2); yet
their di erence always remains constant!

3.1.3. Short-Chain E ect below the Critical Size. T,,, Hp,
and S, of AgSCn present huge nonlinear deviations as chain
length is smaller than the critical size n, = 7. These abrupt
deviations are highlighted in the shaded areas (orange and
cyan) in Figure 2a ¢. We name the phenomenon responsible
for such deviation as short-chain e ect .

Among the deviations, the measured T, of AgSC2 is 50 °C
(Figure 2a) higher than that expected from the GT-C model on
long chain AgSCn (n  7), while its H,, is 500% (Figure
2b) of the modeled value. Expected from the dashed
extrapolation of even chain enthalpy (Figure 2b), AgSC2
should be almost completely melted with a H,, of 2.1 ki/
mol ( Hyp < Hcy,), which, however, is 7.7 ki/mol smaller

than the measured value. The 7.7 kJ/mol di erence is visualized
in Figure 3a and is equivalent to the melting of two bulk CH,
groups (2 Hcy, 8.2 ki/mol). Another feature of the short-

chain e ect is the in ection point observed in Figure 2a for
even chain AgSCn melting point depression at n > n, and
melting point enhancement at n < n;, (N, = 7).

Clearly there is a fundamental change in the material as the
molecule size crosses the critical length (n;). This change is
molecularly abrupt, occurring within one CH, unit. One might

expect this abruptness is attributed to the change of lattice
structure, as observed in AgSC1 (section 3.1.4). However, all
structure parameters, including layer thickness (XRD)*** and
intralayer lattice constants (within £2%, electron di raction),™
indicate that the crystal structure of AgSCn is preserved
throughout the entire chain length range of n = 2 16.

To further analyze the short-chain e ect, we (1) establish the
new GT-COM model based on the classical GT-C model®* and
the experimental data and (2) observe the local environment
and dynamics of each individual carbon within the critical size
of ng = 7, using *C NMR.

3.1.4. AgSC1: The Unique Outlier in AgSCn. AgSC1 must be
considered as a unique compound in AgSCn family due to its
di erent crystal structure.”® Parts a ¢ of Figure 2a show that
Tm Hpoand S, of AgSC1 do not follow the trend of all
other AgSCn (n =2 16).

By application of the GT-COM model (section 3.2), AgSC1
is expected to melt at T,, = 454 °C (Figure 3b), which is 280
°C higher than the measured T, = 174 °C. This model
expected value is also 230 °C higher than the decomposition
temperature™® (210 230 °C, Figure 3b), which implies that
AgSC1 is predicted to decompose before it can melt.

3.2. Comprehensive Gibbs Thomson (GT-COM)
Model. Using a constant G, t0 explain the size e ect
melting over the entire chain length range of AgSCn is not
consistent with the measurements. The occurrence of the short-
chain e ect and the parity e ect prompts the need for a new
GT model: the GT-COM model. One might argue that the
short-chain e ect can be predicted by the more accurate second
order expansion of the GT-C model,” yet calculations rebut
this possibility, as detailed in the Supporting Information
(Table S-1).

We propose a simple and functionally incremental change of

Gexcess fOr the purpose of modeling the short-chain e ect and
the parity e ect with minimum number of parameters. Below
the critical length of n,,, the excess free energy of AgSCn varies
linearly (at rate k) as a function of chain length. The preserved
odd/even alternation shown in Figure 2d inspires a constant
representation of the parity e ect:  Gggq evenr 1HE €XCeSS free
energy ( Gg,e) Of even chain AgSCn above the critical length
(n 7)is set as the baseline for all lamellae. Therefore, the
alterable excess free energy of AgSCn (n = 2 16) in the GT-
COM model is expressed as follows:

ever_ GBas\S l’( 5 nt)rv if n Ner
Xcess .
Ggase if n

odd _ GBas‘S K S nélﬂ-

xceSs

cr

Godt even if n Ner
GBast God@ even it>n n e

©)

On the basis of eq 3, the entire data of measured T, (Figure
2a) are separated piecewise by partitioning them into four
categories: odd chain, even chain, long chain (n  ng), and
short chain (n < ng). Fitting is conducted by replacing the

Gexcess term in eq 1 with eq 3 to search for the values of T,

Ggaser  Godd evern K @nd ng,. The tting procedure is detailed
in the Supporting Information. The calculated parameters are
given in Table 1.

The GT-COM model yields an excellent t of the
experimental T, data, as shown in Figure 3b. The tted T,
agrees with our prior result,” and n,, equals the experimental
value of n, = 7 (section 3.1.1). The modeled Gy even IS
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Table 1. Calculated Values of the Fitting Parameters

parameter value
To 1335 +22°C
Ggage 0.234 + 0.218 ki/mol
Godd even 0.949 + 0.040 ki/mol
Ner 6.95 + 0.56
k 0.186 + 0.029 ki/mol

consistent with the one measured in Figure 2d. In contrast,

Goad even €Stimated from our previous work equals only 0.04
kJ/mol, due to the limitation of the synthesis method (poor
crystallinity).?

Figure 3c presents the values of G, OVer the entire chain
length range (n = 2 16). This model deconvolutes the short-
chain e ect ( k(n  ng), Figure 3c yellow region) and the
parity e ect ( Gogq evens Figure 3c green region) from the GT-
C baseline ( Ggae). The comparison of these three
contributions t0  Ggess IS Visualized in Figure 3d. Super-
position of these terms well predicts the overall size e ect
melting of AgSCn; melting of AgSC3 (n < n,) has three aspects
of excess free energy superimposed upon the bulk CH, melting
(dashed line in Figure 3d). At n = n,, the short-chain e ect
disappears, as is shown by the orange point in Figure 3d. Atn
Nne the GT-COM model is simply the GT-C model. This new
model is generalized to other aliphatic layers with short-chain
e ect, including n-alkanes, in section 3.6.

3.3. Size E ect Observed in *C NMR. Calorimetry is a
powerful technique to determine the composite thermody-
namic properties (T,,, H,,). However, melting is a collective
process: the sum of contributions from multiple atoms/groups
with di erent (perhaps unique) chemical structures/environ-
ment and bonding attributes. The shortfall of calorimetry in
this work is that AgSCn expresses only a single melting peak
that cannot be deconvoluted into separate contributions of

H,, from each individual carbon group. Melting peaks of all
AgSCn (n = 2 16) show similar values of fwhm (n =2 16),
regardless of chain length.

Solid-state 3C NMR, in contrast, gives spatially speci ¢
details/clues of individual atoms/groups. As demonstrated in
this section, the short-chain and odd/even e ects are attributed
to the di erent chemical environment of atoms at di erent

locations of the alkyl chains, even though these atoms act
collectively to yield a single calorimetric peak.

Linking calorimetry with *C NMR results is the key goal of
this paper and will be discussed in section 3.5.

3.3.1. Chemical Shift ( ): Tagging Atomic Location and
Degree of Conformation. Figure 4a shows the *C NMR
spectra for all AgSCn (n = 1 16), with peaks assigned to
particular locations of carbons based on prior studies.****"
These carbons can be categorized into three spatial segments
along the alkyl chains, as summarized in Table 2: (1) head

Table 2. Three Segments of Alkyl Chains Deduced from *3C
NMR Analysis

segment label location (ppm)
head C-1 -CH, 395 41
head C-2 -CH, 385 395
mid-chain mid-chain CH, 34 355
tail Cn-2 penultimate CH, 35 36

tail Cn-1 outmost CH, 25 26

tail CH, terminal CHj 145 205

segment consisting of two atoms closest to the Ag S slab; (2)
mid-chain segment consisting of n 5 CH, units with same
chemical shift; (3) tail segment including the terminal three
carbons closest to the interlayer interface. Carbons in the head
and tail segments possess di erent chemical environment from
that of the mid-chain groups.

The 34 ppm shift of the mid-chain units con rms their all-
trans conformations,”* as compared with the 30 ppm shift of
n-alkanes in solution.*®**° The 25 ppm shift of Cn-1 group is
also a sign of all-trans chains.*® This peak shifts to 22.1 ppm for
AgSC4 with gauche defects’”® and 22.5 ppm for thiols in
solution.” Chemical shifts of C-1 and C-2 of AgSCn (fwhm
<75 Hz) are similar to those measured in thiol-capped Au
nanoparticles, which, however, show broader peaks (fwhm

1020 Hz) due to the polydispersity of the S (C-1) bonding
in nanoparticles.>"*

3.3.2. Spin Lattice Relaxation Time (T,): Chain Mobility.
Carbon spin lattice relaxation time (T,) is a sensitive indicator
of local dynamics and molecular motions.”>”> A shorter T,
implies a larger mobility. Figure 4b shows the T, values of
di erent carbon groups in AgSCn (n = 6, 8, 12). Groups that

Figure 4. (a) Solid-state *C NMR (75.47 MHz) spectra for AgSCn (n = 1 16) lamellae. The schematic on the left shows the structure of one
AgSCn molecule with labeled positions of carbon groups along the chain. (b) Plot shows T, values of carbon groups located at di erent positions

along alkyl chains for AgSCn with n = 6, 8, 12.
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are closer to the Ag S slab are more restricted by chain
tethering and thus less mobile (C-1 may not be involved in
melting, section 3.5). Consistent with chemical shift,
segmentation of alkyl chains (Table 2) can also be deduced
from the di erences in carbon mobility; T, of the head and the
tail segments are, respectively, larger and smaller than that of
the mid-chain units.

3.3.3. Mid-Chain CH, Groups (Bulk). The mid-chain'*C
NMR signal (Figure 4a) is only present in AgSCn of n 6, with
AgSC6 being the shortest species that contains mid-chain CH,
units. Chemical shift and thus the chemical environment of
mid-chain carbons, despite their local positions, are identical to
that of bulk CH, units (32 35 ppm) in polyethylene’®’” and
long chain para ns®>’® and are independent of chain length
(Figure 5, purple data points). Mid-chain CH, units exhibit
bulk characteristics.

Figure 5. Plot shows the linear increase of the normalized area
intensity (left Y-axis) and chemical shift (right Y-axis) of the mid-chain
peaks as a function of chain length (bottom X-axis) and number of
mid-chain groups (top X-axis).

There are n discrete peaks observed in the *C NMR
spectra of AgSCn with n  6; whereas at n > 6, no additional
peak appears but the integrated intensity of the mid-chain peak
linearly increases (Figure 5, black data points). Intensity values
for AgSCn of n 7 are multiple of that of AgSC6. This result
can be semiquantitatively utilized to verify the number of mid-
chain groups in alkyl chains.*

The attributes of mid-chain groups link the *C NMR and
calorimetry results at n 6. The simultaneous incremental
change of both the mid-chain peak intensity (Figure 5, 70 per
CH,) and the melting enthalpy (Figure 2b, Hcy, 4.1 k)/

mol per CH,) indicates that the increase of chain length
beyond AgSC6 is essentially elongating the total length of the
bulk mid-chain segment.

3.3.4. Odd/Even Parity E ect of NMR Chemical Shift. Odd/
even e ect of chemical shift is observed in AgSCn by noting the
oscillations of the *C NMR peaks of the three atoms in the tail
segment (Figure 6 top plot): CH3 ( o4d een 0.7 ppm), Cn-
1 ( odd even 0.3 ppm), and Cn-2 ( odd even 0.2 ppm)-
Such oscillations are not found in the mid-chain or the head
groups. Although the parity e ect, if any, is also presented in
the chemical shift of n-alkanes it is di cult to draw any

Figure 6. Top plot illustrates that the odd/even e ect is observed in
the NMR chemical shift of the CH;, Cn-1, and Cn-2 groups but is
absent in the mid-chain, C-2, and C-1 groups. For comparison, the
middle and bottom plots show the odd/even e ect measured in the
layer thickness>*® 0 setand H,, 0 set (calculated from Figure 2b) of
AgSCn as a function of chain length, respectively.

conclusions since odd and even n-alkanes have di erent crystal
structures.”*®° In contrast, odd and even chain AgSCn (n = 2
16) share a same lattice packing.™ Similar parity e ect is also
observed in the terminal CH, of metal alkanoate layers.>**°

3.3.4.1. Spatial Location. the odd/even e ect of AgSCn is
spatially con ned to the interface region where adjacent lamella
layers mate. The CH; groups undergo changes in chemical
environment due to the di erence of interlayer packing and
odd/even variation of van der Waals gaps (Figure 6 middle
plot)."® The same spatial location of the parity e ect was also
obtained by comparing the melting of one-layer and stacked-
layer (Figure 6 bottom plot) AgSCn? and thus quantitatively
links the attributes independently measured from *C NMR,
XRD," and DSC.?

3.3.4.2. Strength and Depth of the Parity E ect. The odd/
even e ect not only is limited to the terminal CH5 groups but
extends into the lamella with a depth of three tail carbons
(CHs, Cn-1, Cn-2). These groups in odd chain AgSCn are
more deshielded than in even chain AgSCn (Figure 6 top plot)
while the strength of the parity e ect progressively diminishes
as their distances from the interlayer interface increase.
Apparently, the redistribution of the charge density (chemical
shift) along the chains due to the parity e ect has a natural
decay length (three tail atoms). This decay length is originated
from the inductive e ect of the CH; groups and the Ag S slabs
and will be discussed in section 4.1. It is notable that the

DOI: 10.1021/acs.jpcc.7b03693
J. Phys. Chem. C 2017, 121, 13916 13929


http://dx.doi.org/10.1021/acs.jpcc.7b03693

The Journal of Physical Chemistry C

Figure 7. (a d) Plots show the *C NMR chemical shift as a function of chain length for the terminal CHs, Cn-1, Cn-2, and C-1 (orange) and C-2
(green) groups, respectively. () (c) are plotted separately for odd and even AgSCn. (e) Plot shows the T, values of CH3 groups as a function of

chain length. The data points are tted by a piecewise function (T; = Ty, at n

Nes T1 = Tipase  Ko(N Ng) at n<ng) that yieldsann, = 7.4 +

0.3. (f) Plot shows the chemical shift value averaged by the number of *C NMR peaks for each AgSCn as a function of chain length. The green

dashed line represents the chemical shift of mid-chain CH, groups.

number of tail groups is not a constant for all aliphatic layers;
there are four tail atoms in n-alkanes as discussed in section 3.6.

3.3.5. Short-Chain E ect of NMR Chemical Shift and T;.
Short-chain e ect of melting (T,,, H,,) occurred below n, is
the most intriguing nding of calorimetry data (section 3.1.3).
Similar e ect is also observed in the NMR chemical shift
(Figure 7a d) and T, values (Figure 7e) of certain carbons,
with extraordinary changes as chain length reduces. They
include (1) a 50% reduction of the chemical shift of C-2,
compared with the 1% baseline noise level (Figure 7d), and
(2) T, of the CH5 group increases by as large as  230% in the
discrete AgSCn (n = 2 6, Figure 7e).

A critical chain length of n, 7 is independently obtained
from the chain-length dependence of chemical shift and T,
values, consistent with that measured from calorimetry
(sections 3.1.3 and 3.2). In the bulk range (n  ng), all
parameters are xed, while discrete changes of the data appear
at n < ng.

Head and tail carbons in short chain AgSCn (n < n,,) become
untethered from their long chain values (Figure 7a d).
However, it is not straightforward to analyze the chemical
shift of each atom due to label redundancy (e.g., C-2 and Cn-2
is the same atom in AgSC4).

A more revealing representation of the compound chemical
environment is shown in Figure 7f, which illustrates the
(unweighted) average chemical shift ( ) of all carbons in each
AgSCn. This average value is xed at 31 32 ppm (close to the
bulk mid-chain value) in bulk AgSCn but decreases toward 26
ppm in discrete AgSCn, with a progressively increased deviation
from the bulk chemical shift. Chemical environment of discrete
AgSCn (n < ng) is completely di erent from that of bulk,
increasingly dominated by the tail and head segments.

3.4. Bulk-to-Discrete Transition. Aliphatic layers (e.g.,
alkanes, polyethylene) are often modeled as bulk alkyl chains

sandwiched between 2D planes.**5* In AgSCn, these planes
include the planar Ag S sheet and the van der Waals interface
(Figure 8a, left schematic).” A more realistic model considers
the existence of Ag S slabs and the interfaces as the causes for
the chemical shift deviation of the head and tail segments from
that of the bulk mid-chain carbons. The previous 2D planes are
now assigned with 3D representations, each having a thickness
determined by quantitative methods (Figure 8a, right
schematic). The interface region contains the van der Waals
gap and the tail segments from adjacent two layers; the Ag S
region includes the Ag S slab and the two head segments
tethered to it.

Atn 7,the Ag Sand the interface regions are distant from
each other and act independently, with multiple trans mid-chain
bonds between them (Figure 8b). Bulk melting (trans to gauche
transition) only occurs when there is at least one mid-chain
bond (i.e., two bulk mid-chain CH,). Thus, bulk melting is not
de nedatn 6 and melting of AgSCn starts to be anomalous,
the occurrence of bulk-to-discrete transition. Critical length, n,,
of aliphatic layers can be estimated from the sum of the sizes of
the head (t,eq) and tail (t,;) segments as follows:

rl:r = thead+ t tai'l" 2 (4)

Notably, the estimated n,, of n-alkane lamellae also satis es
eq 4, as reported in section 3.6. Figure 8¢ summarizes all the
calorimetry and **C NMR results in this work that con rm n,
= 7 in AgSCn.

3.5. Partial Atomic Assignment of H,,: Linking DSC
and *C NMR. H,, measured by calorimetry is the composite
value of the entire AgSCn lamellae. However, by using *C
NMR, we attempt to deconvolute H,, for the rst time into
contribution of every carbon in the chain, as illustrated by the
assigned values in Figure 9 (n = 2 8). We suggest melting
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Figure 8. (a) Schematics visualize the 2D (left) and 3D (right)
representations of the van der Waals interface (blue) and the Ag S
slab (red) in AgSCn layers. (b) Schematic visualizes the segmentation
of alkyl chains in AgSCn (n = 2 16). Gray atoms: mid-chain region.
Dark/light red atoms: di erent groups of head segment. Dark/light
blue/green atoms: di erent groups of tail segment in odd/even chains.
(c) Plot summarizes the structural and property parameters (by DSC,
13C NMR, XRD, and electron di raction) of AgSCn (n=1 16) as the
change of chain length. Each parameter is plotted as residue with
regard to its linear tting of certain bulk AgSCn. The thickness and
intralayer spacing data are replotted from our prior paper'® and are
preserved all through n =2 16.

enthalpy contributed from speci ¢ carbons changes with their
chemical environment.

Figure 9. Cartoon shows the deconvolution of H,, of AgSCn (n =
2 8) into contributions from each carbon (values beside carbons).
The three rows of values represent (1) measured H,, (Figure 2b),
(2) H,, extrapolated from GT-C linear tting (Figure 2b), and (3)
di erences of (1) and (2).

From Voicu et al. s variable-temperature NMR analysis,*®*°

we infer that C-1 does not undergo melting ( Hc, = 0) in
AgSC12 and AgSC18. Since no chemical shift variation is
observed for C-1atn 4 (Figure 7d), we assign  Hcq(n=4
16) = 0, whereas the assigned Hg1(n =2, 3) > 0.

Deduced from the extrapolation of long chain H,ton=2
(Figure 2b), we obtain  Hcy(even) = 2.1 ki/mol and

Hcp,(0dd) = 5.5 ki/mol. All the other CH, groups contribute
Hcp, = 4.1 kI/mol. Variations observed in the chemical shift

(Figure 7a d) of speci ¢ carbons of AGSCn (n =2 5) indicate
alterations of their enthalpy contributions. Certain carbons in
AgSC2 ( Hcy +  Hep, = 9.8 kI/mol), AgSC3

( Hc 1+ Hcng 7.6 klJ/mol), AgSC4
( Henot Henit Hew, = 132 ki/mol), and AgSC5

( Heno + Hep1 = 9.6 ki/mol) contribute larger enthalpy
than their counterparts in other AgSCn. We speculate the huge
short-chain e ect melting (e.g., 7.7 ki/mol increase of H,, in
AgSC2) is originated from the unique chemical environment of
these carbons.

3.6. Universal Rules of Chain Melting. Findings about
the short-chain e ect and parity e ect are also generalized to
the chain melting of other aliphatic lamellar crystals. Figure 10a
replots the experimental T, vs n curves of four such
compounds: AgSC,Hy,.1, CuSC,Hy,1 (CuSCn, copper alka-
nethiolate?,81 AuSC,H,,.; (AuSCn, gold alkanethiolate),®* and
n-alkanes.”"* Modeling parameters of the latter three systems
are summarized in Table 3. Figure S-5a ¢ and Figure 10b
compare the experimental and modeled T, of CuSCn, AuSChn,
n-alkanes (n =3 6001), and n-alkane (n =3 20), respectively,
with colored shades illustrating the degrees of the short-chain
e ect, similar to that of Figure 2a.

The GT-COM model well ts all the materials within
acceptable errors. The absence of Ggyg even fOr CuSCn and
AuSCn is due to the lack of odd chain T,, data in literature.®-**
Several observations are worth discussion.

Short-chain e ect melting is observed in all aliphatic systems.
Their T,, values deviate from the prediction of the GT-C model
at n < ng, but each system has a di erent critical size of n,. This
indicates that di erent lamellae have di erent lengths of head
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Figure 10. (a) Plot shows the T, vs n for four aliphatic lamellar
systems: n-alkane (purple),"* AgSCn (red), CuSCn (green)® and
AUSCn (blue).2? The gray region represents the asymptotic T, (130
145 °C) approached by all systems when n . (b) Plot compares
the experimental and modeled T,, vs n for n-alkane lamellae. The
dashed red and blue curves are calculated by the GT-COM model.
The solid red and blue curves refer to the GT-C model, in which the

Gexcess term is assigned as the  Gg, Of n-alkanes in Table 3. The
orange and cyan shades visualize the deviations of the T,, from the
GT-C model. The dashed purple curve refers to Hohnes GT-C
tting.®* The inset replots the solid-state *C NMR spectrum of n-
Ci3Hog lamellae.*

and/or tail segments. For example, n,, = 11.48 revealed for n-
alkanes infers that there are 5 pairs of nonequivalent carbon
groups (i.e., 10 carbons) in n-decane, given the symmetric

nature of n-alkane molecules. This demonstration is veri ed by
the reported *C NMR result of CyH,,, which shows 5 peaks.®*
These 5 peaks are maintained and the intensity of the mid-
chain peak increases as chain length increases beyond n = 11
(e.9., CigHyg, inset of Figure 10b),> whereas in CgHyg, only
four peaks are observed.”® This is strong evidence for the
validity of the chain segmentation.

Interestingly, short-chain e ect of the well-known n-alkanes
(Figure 10b) is undiscovered before, although the GT-C model
has been applied to this system decades ago (e.g., purple curve
in Figure 10b).%%%%%84 Since the GT-C model was usually
employed for n-alkanes with chain lengths up to n 6000, the
short-chain deviations at n 11 were easily buried when
dealing with such large scale of chain lengths (Figure S-5¢).
Although the in uence of lattice polymorphism, which appears
especially at n < 40,"%%% on T, is suggested to be rather low for
n-alkanes,®* it can be another possible contribution to the T,
deviation in Figure 10b, besides the short-chain e ect.

The sign of parameter k indicates whether the inorganic and/
or the interface regions increase or decrease the total ~ Ggygegs Of
the system at n < ny (K = d( Ggyeess)/dn). It determines the
rate of T, depression ( Ggees < 0) or T, enhancement
( Geess > 0) as chain length decreases. Figure S-5d
summarizes the magnitude of G for the four materials
discussed. The physical meaning of k is related to the overall
inductive e ect (Table 3, row 7) of di erent sources of Geycess
(e.g., interface, Ag S, Au S, or Cu S) and is discussed in
section 4.1.

Although di erent aliphatic lamellae may present di erent
values of ng, K, Gogg evens @D Gggg even @ll OF them show
similar values of T,; the asymptotic temperature of chain
melting is always about 130 145 °C (gray area in Figure 10a).
This indicates that any alkyl-based lamellar materials with very
large chain lengths (n ) melt as if they were in nite bulk
alkanes (T,, 140 °C).*

4. DISCUSSION

The origin of the bulk-to-discrete transition is outside the scope
of this work. Questions such as why the transition is abrupt in
nature and why the G, increases linearly as chain length
decreases remain unclear. However, clues obtained from *C
NMR and crystallography study indicate that nonuniform
charge redistribution and lattice stress/strain may be
responsible for the appearance of the short-chain e ect.

4.1. Charge Redistribution and Inductive E ect.
Charge redistribution due to functional substituents is common
in organic compounds, including the substituent e ect in
saturated chains or aromatic rings.®® & This e ect is also
observed for AgSCn by *C NMR in this work.

Chemical shift of carbon groups in a particular AgSCn
follows a sequence of C-1 > C-2 > Cn-2 > mid-chain CH, >
Cn-1 > CHj; (Figure 4a), with electrons of C-1 mostly pulled

Table 3. GT-COM Modeling Results of Three Di erent Aliphatic Layered Materials

CuSCHan+1
To (°C) 1423 £ 42
Ggase (ki/mol) 0.043 + 0.533
Godd even (k‘]/mOI) NA
Ne 6.95 + 0.78
k (ki/mol) 0.393 + 0.078
overall inductive e ect electron-withdrawing

13925

AuSCHyns1 n-alkanes
1381 + 19 1418 +£ 08
342 £ 026 27.54 £ 0.39
NA 112 £ 0.33
873 £ 053 1148 + 047
0.235 = 0.021 136 = 0.14
electron-releasing electron-releasing
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away. The superposition of two electrostatic e ects is
responsible for the observation: (1) the electron-withdrawing
inductive e ect® ° of the Ag S slab; (2) the electron-
releasing inductive e ect®*®® of CH, within the interfaces. Both
e ects propagate along chains but decay at distant groups.

The decay length employed in section 3.3.4 for the head and
tail segments is originated from the diminishing distance of the
inductive e ect. The mid-chain carbons are hardly a ected.
Di erent aliphatic materials with speci ¢ functional groups
(e.g, CH; Ag S, Cu S, Au S) may have di erent decay
lengths and thus di erent values of n, (eq 4). The value of
parameter k is determined by the relative strength and
directionality (electron-withdrawing or electron-releasing) of
the overall inductive e ect inherent in these functional groups
(Table 3, row 7). This analysis provides a path of manipulating
T,, of aliphatic layers by tailoring the function groups (e.g.,
AgSCn  AgSCn OH, T,,> 30 °C)* and has implications
in biological membranes®* and aliphatic electronics.”® %

We suggest S atoms in AgSCn are negatively charged (q )
while Ag and C are positively charged (g+).°® Since chemical
shift of carbons increases with positive partial charge
(q),%+%3991% the following expression is obtained:

(q+)1> (g+ )2> (o )né? (9) mid chain
> (a+ )ps1> (aF ) g

Similar to silver alkanoate,>* this charge distribution (Figure
S-6a) is more nonuniform in short chain AgSCn (n < n,,), with
better resolved 3 C NMR peaks, than in long chain AgSCn. We
speculate that electric dipoles (Figure S-6b) are induced
between adjacent carbons, forming polar C C bonds. Chain
chain van der Waals forces are essentially dipole dipole
interactions among the C C, C H, and C S bonds all over
layers. It is hypothesized that chains in short chain AgSCn are
more strongly bound by such interactions so that extra energy
is required to stimulate additional degrees of freedom at
melting.

Therefore, computational study of melting enthalpy from
chemical shift is possible and will be a focus of continued
works. Henry et al. has utilized the *C NMR data to calculate
the formation enthalpy of alkane.*****

4.2. Stress/Strain of AgSCn Lattice. In our previous
paper, we have veri ed that AgSCn with n = 2 16 share a
common lattice structure.'® Detailed lattice constants and space
group of AgSCn will be reported in a future publication.
However, slight lattice variations of 0.5 1.8% are observed
when quantitatively comparing the structures of AgSC3 and
AgSC15. This indicates a possible existence of stress/strain in
the Ag S slabs. Both the stress/strain’®*'% and the defects
induced by stress/strain’®* can lead to variations of T,

5. CONCLUSION

We observed an abrupt bulk-to-discrete transition occurring at
a critical chain length of n,, = 7 in AgSCn (n =1 16) layers,
with extraordinary changes of chain melting properties,
chemical environment, and relaxation time. Calorimetry and
solid-state *C NMR are coupled to probe the global and local
characteristics of atoms within the discrete regions of aliphatic
lamellae.

Bulk (long chain) AgSCn (n 7) exhibit xed NMR
chemical shift and T, values and size-dependent melting
predictable by the classical GT model. In contrast, discrete
(short chain) AgSCn (n = 2 6) present a short-chain e ect,

with completely di erent values of these parameters for every
single change of chain length. None of the carbons share
identical chemical environment. The anomalous melting is well-
predicted by a new comprehensive GT model with variable

Gexcesss AGSC1 is an outlier with a di erent crystal structure. A
new 3D spatial model is constructed to divide the alkyl chains
of AgSCn into two discrete (head, tail) and one bulk (mid-
chain) segments. The discrete segments dominate the material
atn < ng.

An odd/even e ect is detected in both the melting and NMR
chemical shift of AgSCn and is exclusively attributed to the
nature of the tail segment.

This analysis is generalized to other extremely small aliphatic
layers with discrete regions, including n-alkanes with n,, ~ 11.

This nding is instructive to the design of novel alkyl-based
layers with controllable properties (e.g., T,), through the
manipulation of molecular segments (e.g., interfacial groups).
Potential applications include the optimization of molecular
electronics and the study of biological membranes.
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