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COMMENT

BIOMEDICAL RESEARCHERS SHOULD DECLARE THEIR ASSUMPTIONS

Jerome Goddard and Jerome Goddard IP

1Department of Biochemistry, Molecular Biology, Entomology, and Plant Pathology, Mississippi State University,
Mississippi State, M89762
2Department of Mathematics and Science, Auburn Univekditgtgomery, Montgomery, A36117

E-mail: jgoddard@entomology.msstate.edu

Recently, the Editein-Chief of Scienceasked its reviewers and editors to identify papers submitted to the journal
that demonstrate excellence in transparency and instill confidence in the ({dsitgt 2014) This was done in
resmpnse to issues with irreproducibility (primarily) in preclinical studies. There may be other ways scientific
papers can be made more transparent and reliable. Sometimes very solid, or at katstntietied, scientific

reports contain assumptions whijdf false, severely weaken the work. Assumptions are facts taken for granted,
and in an argument, assumptions must be allowed as true for that particular argument to advance. Calling
assumptions into question is a legitimate way to undermine a clagimpty deepen our understanding of the

issue; however, if assumptions are never identified (declared), then spurious claims sometimes may be advancec
as fact. One example of this occurred in a 1978 papBatarethat is frequently quoted concerning tcuhl

evidence of dog domestication. That letter reported a human skeleton found in a grave in what is now Israel with
its hand resting on the chest of a puppy skelé@avis and Valla 1978and the authors interpreted this as
evidence of affection between t hyeunidqua amomg Natufigh burillse d o
of fers proof that an affectionate rather than gast
Offersproof? Several assumptions are actually necessary to draw this conclusion which were not igetitéied

paper: 1) that the puppy was purposely buried with the human, 2) that the hand was intentionally placed on the
puppy, and 3) that this placement meant affection or familiarity between the two. Any one of these assumptions
could have been false. trur opinion, readers of scientific and/or biomedical papers would benefit from a brief
textbox or section at the beginning of each paper wherein underlying assumptions are disclosed. Mathematicians
know all too well the dangers of hidden assumptionser@lis perhaps no other discipline that can so readily
prerequisite the importance of clearly statialy relevant assumptions. The counterpart in mathematics of
hypothesigdriven experimentation and conclusion is the statement of proposition (or theorigim)a
corresponding proof using formal logic. In this paradigm, the current setting (or global assumptions) and
assumptions related to the problem at hand are carefully crafted and explicitly listed. From these assumptions and
previously established salts, the desired result may be deduced through an application of formal logic (proof by
induction is an exception). Making a false assumption, either explicitly or implicitly, will always lead to
erroneous results. Thus, it is a common practice in enadtics papers ta priori list all of assumptions
regarding the proposition to be stated and prglkeed 2010)d Per haps bi ol ogi sts shoul d
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PLASMONIC NANOCRYSTALS WITH PRECISE GOLD ATOMS

Chanaka Kumara,1 Xiaobing Zuo,2 David A. CuIIen,3 Amala Dasg™*

1Department of Chemistry and Biochemisty, University of Mississippi, Oxford, Mississippi38677, United States
2X-raySdence Division, Advanced Photon Source, Argonne National Laboratory, Argome, lllinois 60489, United States
SMaterials Sienceand Technology Division, Oak RidgeNational Laboratory, Oak Rdge, Tennesge 37831, United States

ABSTRACT

Plasmonic nanogrticles have potential application in nano-optics, solar cel, cataysis, drug delivay and
cancer treatmern. Among those, thiol protected gold nanocrystals draw greater att@ction due to their
supeior stabiity and ability to control the compositon with atomic pecision. Howewer, the challenges in
the synthetic protocol and lack of atom quantification tehniques hinder the determination of atomic
compositon. For the first time, we were able to deermine the atomic compostion of the threedifferent gold
nanogticles in the size regime of 2-4 nm. The compostion was found to be Ausx(SR)s, AUsn(SR).;, and
Au_g,dSR).160 by electro-spray ionization mass spectromety. All of these nanarystals exhibit surface
plasmonic esonanceat around ~500 nm. Size-dispersiy of the gold nanarystals was corfirmed by mass
spectromety, synchrotron basd small angle X-ray scattering and scanning transmissionelectron microsopy
analysis. Possile atomic arrangements of these nanocystds were determinedby high-energy X-ray basd
pair distribution function aralysis. Theselargestgold narocrystalswith knowncompositionwill pave theway to
the undastanding theorigin of surface plasmon esonance and will have greater potential toverds application in
catalysisand opticaldevices.

INTRODUCTION

andysis of these nanoparticles are X-ray crystallography
and mass spectrometry (MS) (11-14). However, structural
analysis of plasmonic nanoparticles still remains
chdlenging; polydispersity and larger particle size often
prevent the diffraction quality single crystds.
Nevertleless, advances in instrumental methods have
developed in mass spectrometry (MS) techngues, such as
MALDI and ESI for determination of the composition.

Surface plasmon resorance (SPR) is a collective
oscillation of the free electon dersity of the metal with
the incident radiation (1). Gold nangoarticles shows SPR at
500-550 nm dependon their shapesandsize. Syntheds and
charactrization of small colloidal gold nanoparticles, where
molecule-to-plasmonic transitions occur, is hindered by
polydispasity and spontaneous particle aggregation (2).
However, thiol protected gold nanocystds draw greater
attraction due to their ultra-stability and ability to control
their composition with atomic precision (3).Thereare two

This report discussthe recent progress in super-stable
plasmonic nangarticles at 76.3, 115, 200 kDa massrange.

size regimes within thiol-protected gold nanoperticles (a)
ultra-small gold nanomolecules, which are less than 2 nm
in diameterand (b) plasmonic nanocrystals, which are larger
than2 nmand exhibit surfaceplasmon resonance.

Atomically precise ultrsstable gold nanoparticles such as

Auzs(SRYs (4), Auwg(SRps (5), AusdSRYo (6), Auz;
(SRE4(7), and Aus{SR)o (8) (where the R group is thiol

Ultimately, Electro-spray ionizaion mass spetrometry
window (ESI-MS) was able to expandupto 200 kDa mass
rarge to detemine the atomic composition of gold
nanoparticles. These nanoparticles were characteized by
suite of andytical techniqueslike synchrotron basedsmall
argle X-ray scatteing (SAXS) and high-enegy X-ray
based pair distribution function andysis (PDF). Further,
the monodigersity of the synthesized nanoparticles was

ligand attached) have previously been prepared with atomic yerified using scaning transmissin electon microscay

precision using the BruSchriffin method. However, these

synthetic protocols were only applicable to ultra small gold

nanoparticles and limited control was acki@ for larger
nanoparticles (9,10).

The most promising techniques used in compostional
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(STEM) anaysis.
EXPERIMENTS
Synthesis: Atomically precise nangarticles synthesis
involves three steps.Initially, a crude mixture containing
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polydispase Au nanoparticles was prepared in a

modified version of the previous report (15). Then, meta-

stable nangarticles were eliminated by thermochemical

treatment of the crude product with excess thiol (16).

Finally, pure monodisperse nanopartilcegere isolated by
solvent fractionation.

Stepl: Aqueous sdution (30 mL) of HAuCI4 (0.1772
g/0.45 mmol) and toluene soluion (30 mL) of
tetraoctylammonium bromide, TOABr (0.55 mmol) were
mixed and stirred well (30 min). Phenylethanethiol
(0.0622 mL/0.225 mmol) was added to the serated
organic phase,and further stirred at room temperature (for
30 min). Gold to thiol molar ratio was varying 1:1, 1:0.5 and
1:0.25 depending on the desiredfinal product. An aqueus
soluion of NaBH4 (10 mmol, 20 mL) cooled to O °C, was
added to the reaction mixture and stirred for anoter 2 h.

T T T T T T T T T T
l [ Thermochemically treated sample l
T 76.3 kDa T

A

115 kDa

|
Au_ (SR}, 1

329
/ALu-son(sR)qzn

-t - = = = =

50000 100000 150000 200000 250000
miz

Then, orgaric layer was seprated and evaprated to
dryness. The productwaswashed with methanol three times
to remove thiol andother byproducts.

Step 2: Around D100-200 mg of the crude product
was dissolved in toluene 90.50 mL) and subjected to
thermochemical treatment with excess phenylethanethiol
(0.05 mL) at 80° C under stirring while monitoring the
product with MALDI-MS. After several days of etchng,
product was washed with methanol several times, and
extractedwith toluene.

Step 3: Then nanoparticles were dissolved in toluene and
subjected to solvent fractionation to isolate the desired
nangarticlesat 76.3,115 and200 kDa ( Figue 1)

Plasmonic nanoparticles characterization

; MALDI-MS ‘ * Purity and monodispersity ]
ESI-MS » Composition analysis J

L
‘ STEM » Size distribution, shape and diameter ]
PDF ‘ * Atomic structure and bond lengths ]
‘ SAXS ’ « Size distribution, shape and diameter J
UV-Vis ’ * Plasmonicwith extinction coefficient ]

Figure 1: (left) MALDI -MS of the thermochemically treated product and isolated nanoparticles at 76,115 and 200 kDa. Adapted from ref
[17] (right) Suite of technique used for characterization of plasmonic gold nanoparticles. MA&DMatrix assisted laser desorption
ionization mass spectrometry, EMIS: Electrespray ionization mass spectrometry, STEM: Scanning transmission electron microscopy,
PDF: pair distribution function analysis, SAXS: Small angtea) scattering, UWis: Ultravioletvisible absorption spectscopy.

RESULTS AND DISCUSSION

smallest sized nanoparticles that exhibit surface
plasmonic resonance. First, the purity of the sample was

Wet-chemical methods were developed and optimized for
synthesis of atomically monodisperse plasmonic gold
nanoparticles. These nanoparticles subjected to the
complete and comprehensive characterizationgusiass
spectrometry, spectroscopy, high resolution electron
microscopy and Xay diffraction tools. Following
content will composition assignment and characterization
of 76.3,115 and 200 kDa.

Plasmonic Au329(SR)84 nanoparticles

The main objective of thisvork is to determine the
chemical composition of the previously reported large
76.3 kDa thiolated gold nanomolecules (15). This is the

July 2015, Vol 60, No. 3

determined byMALDI-TOF mass spectrometry. Figure
2a, STEM of identical size particles and Figure 2b.c,
MALDI spectra shows clear baseline indicating nascence
absence of any other nanoparticles or detectable
impurities. It is well established that the nanoparticles
with fixed atomic composition can be synthesized
utilizing the different ligand that have similar properties
but different in mass. For example composition of
Ausg(SRY4, Aus7(SR)ls and Au44SR)o are independent

of different-R groups. In other words, if encan make
the same nanoparticles with different ligand, mass
difference method can be applied to determine the
composition of newly synthesized nanoparticles. Figure
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2d shows the expansion of therggion of the ESI mass
spectrometry of the 76.3 nanopelds synthesized using
three di fferent thiols

1T SCH2CH2Ph (137 Da)
each case, gold to thiol compositional assignment yielded

andl S

this case envelope of peaks due to several cesium adducts
(1to7 Cs ions) were observed

én foin@(r estr |ncIud|n tﬁeaePnalysis of

nanopartlcles Wi h three IlgaO(g in p05| ive and negative
modeand Cs+ adduction lead to a conclusive composition

329:84.18 Both positive and negative mode of-HS]
spectra show identical peakndicating the absence of any
other counter ions Hgure 2e). Cesium acetate is
commonly added to the nanoparticles to promote the
ionization in mass spectrometric analyses by forming Cs
adduct. Therefore, Cs+ ions were intentionally added to
prove thatthe AudSR)s is the base molecular ion. In

of Auzd SR)s. Based on the assigned formula, there are
245 free electrons to facilitate the surface plasmon
resonance (the next smallest clusteig&R)s (6) which
have 119 free electron does not sopppfor SPR).
Therefore, this compositional determination will facilitate
the fundamental understanding of the birth of surface
plasmon resonance (18).

a T - T - v - .

‘ | l Theoretical |

values
5- 4- 1+
- MALDI MS
1 l ik l
1 1 1 1
20000 40000 60000 80000
mlz
C d e

. T T T T T

MALDI-MS 24876 25440 Au, (SCH,), Au (sczulc‘uﬁ)u

(SCZH‘CEHQ ESLPV
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27243

ESI-PV
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Figure 2: (a) Low-magnification HAADF-STEM images ofnglspersed Au329(SR)g4.(b) ESI-MS (red) and MALDI-MS (blue) spectra of 76.3
kDa nanamolecules syntheszed using HSCH2CH2CgH5 thiol. The linesat the top indicatethe theoreticalvaluesfor the 1, 2, 3, 4, and 5 charge states
of Auz29(SCH2CH2Phg4. (c) Ligand count determinaion by andyzing 76.3 kDa speces proteded by various ligands. (c) MALDI-MS of the 76.3
kDa nananolecules syntheszed using dodecanethiol (olive), pherylethanethiol (blue), and hexanethiol (red). (d) ESI-MS Q-TOF of 3- ions of the
76.3 kDaranomolecules using threeligands. Assuming that the number of metal atoms is constat, for the 76.3 kDa naromoleaule for these three
ligands,the numberof ligandsis calcuatedby the massdifference of the irtact ESl ions. The ligand count was found to be 84 in all caseswhich then
leads tothe Au atom count of 329 atoms. Pesks marked by an asteriskindicate remaining impurities not removed during purifi cation or other minor
spedes present in the sample. Dotted lines indicate the theaetical mass of the 3iions of correpponding Au329(SR)84 nanomokecules. (e)
Au329(SCH2CH2Ce6H5)84 with negative mode (NV, red) and postive mode (PV, blue) in the presnce of cesiumacetate (PV, olive) and further
addition of cesum acetate(PV, purple). The positive and negative spectrashows the 4+ and 41 molecuar ions, respectively, while the addition of

cesiumacetate leads additional peeks due to the formation of Cs™ adduds, such as Au329(SCHCH2C6HS)84-Cs', Au3209(SCH2CH2CsH5)84-2Cst,

Au329(SCHCH2CgH5)84-3Cs". Further addition of cesum acetateleadsto adductswith 4, 5, 6, and 7 Cs
[18]. Copyright 2014 American Chemtal Society.

N n
19080 19260

m/z

18900

24000 26000 28000

150‘000 22600

N
50000

ions. Reprinted with permisson from

286 Journal of the Mississippi Academy of Sciences



Plasmonic Au~500(SR)~120nanoparticles

Expeaimental conditions were optimized for syntheds and isolation of next largest super stable plasmonic gold
nangarticles at 115 kDa. In this caseAu:thiol ratio setto 1:0.5, insteadof 1:1. We were able to synthesize these
nangarticles with two different ligands (phenylethanethiol and hexanehiol). Ligand mass difference method was
employed to detemine the atomic composition using ESI mass spectrometry. First the number of ligands was
determined as 120, using ligand mass differencemethod and then number of gold atoms were back calculatedandfound

to be 500.

However, broader mass peaks were observed when compared to tremalraanopatrticles. This is due to theveral

stable species within 115 kDa mass range. Control experiments were performed with Au329 which shows fixed

composition, to verify the size dispersity of the 115 kDa mass range. Based on S &bk width, composition was

concluded to be AD500+10(SCH2CH2PH)120+3.

Deconvoluted ESI peaks

5-
4_ n2e b gop.
.,,: ..Mﬁ\ 2.4kD 1+
W No. of ligands = 2 _120
6- 20Da
3-
100 110 120 130
ESI 2+ MALDI
A_
[ 2 [ o [ o [ N [
25 50 75 100 125
mass / charge (kDa/z)
Figure 3: Mas s Spectrometry. MALDI (red) and ESI (bl ue) mas s spectra
AuD500+10(SCH2CH2Pm)120+£3. MALDI-MS s hows 1+ and 2+ i4dns51 ,whainlde 6BSlonyi.elDdes ohiv,ol ut i o

and1l SC
From

consistent with a 115 kDa molecular ion. The inset shows the deconvoluted spect2600Au pr ot ect ed
31,471, and 571 ESI peaks apeymel di pheedimpl 8@8cullar andn,

byT SCH2CH2Ph
at 115 kDa.

calculated to be 120. Reprinted with permission from [19]. Copyright 2014 American Chemical Society.

HAADF-STEM (Figure 4) shows the monodisperse,
hexagonal shaped 2.4+ 0.1 nm particles with FCC planes.
Sintering and electron beam induced nanoparticles
aggregation directly effect to the observed nanoparticles
size, shape and size dispersity. Surface atom diffusidn a
reconstruction were observed with HAAEBSTEM
imaging as a result of high electron dose. Thus beam dose
was optimized and minimized using lower voltage and
acquiring firstpass images. Figure 4 a, b and ¢ show the
representative lownagnification image®f the particles.

The images visually demonstrate the monodispersity and
sefassembl ed particles on
show the high resolution images of the isolated
Aupsoo(SRp120  hanoparticles, illustrating the surface
morphology of individuaAu-soo nanoparticles.

High energy Xray based atomic pair distribution function
shows the histogram of the entire ai@om distances
within the single nanoparticles. Total scattering
measurements account for both Bragg and diffuse

July 2015, Vol 60, No. 3

scattering and its fower transformation into real space
yields the PDF. Figure 5(left) shows the synchrotron high
energy Xray-based pair distribution function analysis of
Aupsoo:1d SR)20:3  in comparison with fcdike 100 nm
gold nanoparticles, calculated PDF of icosaheduados
,Marksdecahedral Awgo, and truncated octahedral Ay
Experimental PDF data matches with the
Marksdecahedral, and truncated octahedral models.
Figure 5(right) shows the SAXS data and analysis will
provide the shape, size and size dispersity inftiomeof

the Awsoo(SR)p120 system The wide range of linear Guinier

t hbehavioE(M[I(qY] vsi2dFigure=5b ghset) & lowd stattdring

angl es and t he scattering
depict the monodispersity of the BGO0 nanoparticles.
Threedimensional  molecular envelopes were
reconstructed from the SAXS data and envelope adopts an
ellipsoidl i ke shape (di mensions
diameter measured by small anglera§ scattering was
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2.6 = 0.2 nm, which is in agreement with TEM and PL
measurements.

Plasmonic peaks for these particles appear at ~498
SPR is supported by 380 free electrons based
composition assignment. These plasmonic nanoparti s
can be used in plasmonic application such as opt
sensors, drug delivery, cancer cell detectionl also in
catalytic applications.

Figure 4. HAADF-STEM images of AD500(SRP120. (4 c) Low-magnification
images of dispersed M500(SR)~120. (th) High-resolution images of individual
particles, field of view is 5 nm x 5 nm. Reprinted wirmission from [19].
Copyright 2014 American Chemical Society.

Calc. PDF 10°
Marks Dh Au,,

Calc. PDF 10 4
Truncated Oh Au, .

G(r) (a.u)

Expt. PDF 1074
100-nm fcc Au np

Expt. PDF

. 2AXS data
—— Guinier Fit
Au__(SR)_ Ebel

~500 120 10-3_ ;
X10 0.005 0010 0.015
J | LY

= L -~ 0.1 L 04 0.8
r(A) q(A”)

Figure 5:(Left ) Experimental atomic PDF of A¥600+10(SR)120+3 in comparison with calculated PDF pattericoséhedral Au309, Marks Dh Au389,

Truncated Oh Au405 and 100 nm fcc (bulk like) patterns. PDF patterns0®ushow a decent match with Marks Dh and fcc pattéRight) SAXS

data, data fits, and the derived SAXS molecular envelope f@580 nanoparticlega) SAXS data (black solid circle with error bar) were collected up to

0.8 j11. The red curve is a representative fit f or abeal maodellwascakclulaied env e

usingtheprgr am DAMMI N, with SAXS data up to 0.6 | 1T1. The data pmoleoulars i n t}
envelope, matching well with the experimental data. The inset is the Guinier fit for SAXS data at q close to Gn&g)foiia the data fit is 1.05+0.05 nm.

(b) The two views of the final SAXS molecular envelope with dimensions. Twenty independent molecular envelope calculaticrsowessl pand the

resulting envelopes were further averaged to generate the finad nossus mol ecul ar envel ope. The error bar of
Reprinted with permission from [19]. Copyrigk®14 American Chemical Society.
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Plasmonic Au-e4d SR)-160 nanopatrticles

Experimental conditions were further modified to synthesize the next largest super stable plasmonic gold nanoparticles at 200
kDa. Au:thiol ratio further reduced to 1:0.25 to yield the gddaiaparticles at 200 kDa. Figuéeshows the MALDI (blue)

and ESl(red) mass spectra of the gold nanoparticles synthesized using phenylethanethiol. Mass peak at 200 kDa shows the
monodispersity of the sample and the flat base line implies the absence of other impurities. Ins¢heski®asnvoluted

ESIMS of thenanopaticles with phenylethanethiol and hexanethiol ligands. Mass different method yielded, the assignment
of Au~940SR~160. This is the largest size to be characterized by high resolution ESI mass spectrometry.

Low-magnification STEM images of the Adsio(SR)pb1e0 particles show the monodispersity of the particles. Furthermore, the
atomic structure was studied in higisolution STEM images. HAADBTEM images show felike, 2.9 nm particles.

Figure 7.j shows the Fast Fourier transform (FFT) of the single nandgsitic3i. The measured FFT lattice spacing are
closely match with the bulk fcc.

6- . 1+

204.3 kD
T OASCH, No. of ligands = E2R L 160
20Da

i

207.5kDa 'SCHzCHzCaHs

ESI
I

u | ™ 5-
w T
mass (kDa) MALDI

[ 2 [l Py ] 2 '] Py [l Py

40 80 120 160 200
mass / charge (kDa/z)

Figure 6: Mass spectrometry. MALDI (red) and ESI (blue) mass spectra of 207 kDa nanoparticles synthesized using HSCH2CH2Ph thiol.
MALDI -MS with DCTB matrix shows 1+ ionsyhile ESFMS vyields 4, 5/, and 6 multiply charged ions. The theoretical values for

charge states 1, 2, 3, 4, 5, and 6 are shown by dotted lines at the top. The inset shows the deconvoluted ESI ma$:6pstcina of
nanoparticles prandieCGHACH2P h.SCBhHl 3deconvol ut i b b, and6é BShpeaksnatel t i pl
multiplied by 4, 5, and 6, respectively, to yield thientolecular ion at 207.5 kDa for thi&SCH2CH2Ph ligand) of the multiply charged

ions. This mass differenceas used to calculate the number of ligands. The composition of the nanoparticles was determined to be
Au940£20(SR)160+4. Reprinted with permission from [17]. Copyright 2014 American Chemical Society.

Figure 8(left) shows the high energyry based atormi pair distribution function (PDF) data of the #u(SR)bieo in
comparison with fcdike 100 nm gold nanoparticles, calculated PDF of icosahedradsAmarksdecahedral Ag and
truncated octahedral Asr models. Experimental PDF data significantly maktwith the calculated truncated octahedral
Au807 model. The Agyy model consists of 13, 42, 92, 162, 252, and 246 atoms in each individugFeheié 8a). The D
molecular envelope were derived from thepdSR)b1s0 SAXS data shows an 3.3 nm sizeltipsoid-like shape and the
cross section of about 258 nm. The diameter measured by SAXS, 3.0 £ 0.2 nm, &ieement with STEM patrticle
diameter measuremenf§able 1) UV-visible spectrum shows the SPR at 506 nm which is supported by arourfce&80
electrons based on composition assignments.

July 2015, Vol 60, No. 3 289



Figure 7: Electron microscopy. STEM
images of the AD940(SRP160

nanoparticles. (a,b) Loamagnification STEM
images. (&i) High-resolution HAADFSTEM

image of the individual nanoparticles, scg
bar is2 nm. (j) Fast Fourier transform of (i
showing lattice spots similar to bulk fcc A
oriented along the jA1] zone axis. Reprinteq
with permission from [17]. Copyright 2014
American Chemical Society.

Cc
.-
T T (;
30l 8 b experimental atomic PDF | —
calc. PDF of Au,, TO model ko
residuals = 0.1
20 | 4
0.01 4
0.1 0.2 03 04 0506

Figure 8: (Left) (a) Proposed skshell Ausor atomic model for the metalore-only portion of Auwssd SR)b160 Nanoparticles(b) PDF fit of
the Au807 TO model with that of the experimental PDF oD840(SRP160. TheRw is 44%. Note that the model only cadess the
metal core. (Right) SAXS data, fittings, and the derived SAXS molecular envelope ofianoparticle(c) SAXS data (black open
circle with error bar) were collected up to G81. The red curve is a representative fitting in the moleculaelepe calculation. The
molecular envelope, also known as bead model, was calculated using the program DAMMIN, with SAXS data ugltdqd).&he inset
is the Guinier fit for SAXS data atqclose to 0.Bigtained from the fitting is 1.32+0.07 nife) Two views of the final SAXS molecular
envelope. The length of the white bar is 1.0 nm. Reprinted with permission from [17].

Copyright 2014 American Chemical Society.
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