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that students need to leamn. The following explanation of the scien-
tific report serves as a generic assignment for the sciences.

The Formal Scientific Research Report

A formal scientific research report is a piece of professional writing
addressed to other professionals who are interested in the investigation you
conducted. They will want to know why you did the investigation, how you
did it, what you found out, and whether your findings were significant and
useful. Research reports usually follow a standard five-part format: (1) intro-
duction, (2) methods, (3) results, (4) discussion of results, and (5) conclusions
and recommendations.

Introduction. Here you explain briefly the purpose of your investigation.
What problem did you address? Why did you address it? You will need to provide
enough background to enable the reader to understand the problem being
investigated. Sometimes the introduction also includes a "literature review” sum-
marizing previous research addressing the same or a related problem. In many
scientific disciplines, it is also conventional to present a hypothesis—a tentative
“answer” to the question that your investigation will confirm or disconfirm.

Methods. This is a "cookbook” section detailing how you did your investi-
gation. It provides enough details so that other researchers could replicate your
investigation. Usually, this section includes the following subsections: (a)
research design, (b) apparatus and materials, and (c) procedures followed.

Results. This section, sometimes headed “Findings,” presents the empiri-
cal results of your investigation. Often, your findings are displayed in figures,
tables, graphs, or charts that are referenced in the text. Even though the data
are displayed in visuals, the text itself should also describe the most significant
data. (Imagine that the figures are displayed on a view graph and that you are
explaining them orally, using a pointer. Your written text should transcribe
what you would say orally.) Your figures and tables must have sufficient infor-
mation to stand alone, including accurate titles and clear labels for all meaning-
carrying features.

Discussion of results. This is the main part of the report, the part that will
be read with the most care by other professionals. Here you explain the signifi-
cance of your findings by relating what you discovered to the problem you set
out to investigate in your introduction. Did your investigation accomplish your
purpose? Did it answer your questions? Did it confirm or disconfirm your
hypothesis? Are your results useful? Why or why not? Did you discover informa-
tion that you hadn't anticipated? Was your research design appropriate? Did
your investigation raise new guestions? Are there implications from your
results that need to be explored? The key to success in this section is to link
your findings to the guestions and problems raised in the introduction.

Conclusions and recommendations. In this last section, you focus on the
main things you learned from the investigation and, in some cases, on the prac-
tical applications of your investigation. If your investigation was a pure research
project, this section can be a summary of your most important findings along
with recommendations for further research. If your investigation was aimed at
making a practical decision (for example, an engineering design decision), here
you recommend appropriate actions. What you say in this section depends on
the context of your investigation and the expectations of your readers.
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Elecrrochemistry and the Nernst equation are introduced
in the chemistry curriculum zt this college during second se-
mester of general chemistry. The electrochemical concepts and
applications are discussed further in analyrical chemistry,
physical chemistry, and biochemistry courses. Considering

the prevalence of electrochemical conceprs in many areas of

chemiscry, we feel thar it is important thart the studens un-
desstand the fundamental elecwochemical concepss eatly in
the chemnistry curriculum through hands-on experimenmdon.
In the past, we had problems integrating an experiment that
explained the Nernst equadion well. For the last rwo years,
we have incorporated a redox dmation of ferricyanide ion,
[Fe(CN)¢}*", to ferrocyamide ion, [Fe(CN);]*, o show the
students how the reduction potental of 2 redox couple is af-
fected by the concenmadons of the redox species, and how
they can use the Nems: equzdon to calculate the standard
reduction porendal of a half-reacrion. While others have re-
ported laborzrory experiments dealing with the Nernst equa-
ton in this Journal (1—4), these are usually written for more
advancad courses such as physical chemiszy and instrumen-
tal analysis and require techniques (i.e., cyclic volammerry)
thar are often beyond the knowledge of typical firsi-year un-
dergraduare students. In the experiment described here, our
students obrain excellent data and we have encountered few
problems with this laborarory.

The reduction of ferricyanide ion [or hexacyano-
ferrate(ITD)] to ferrocyanide [hexacyanoferrare(il)] coupled
with the oxidztion of ascorbic acid (CHgO,) to dehydro-
ascorbic acid (C;HeO,) was smudied by Mehrotra, Agrawal,
and Mushran (5):

ferricvanide | -
. e
fyellow)

ferrocyanide
{colorless)
dehvdroascorbic ,

acid + IH" + 2 (9)

{colorless)

(1)

ascorbic acid
(colorless)

We chose the ferricyznide/ ferrocyanide redox system for this
experiment because it is well-characterized (5-9), and the con-
cenation of ferricyanide can be easily monirored using UV-
vis spectroscopy. We tried several other redox couples, but
we found this system to be superior owing to its rapid equili-
bradon dme along with its relative inertness towards atmo-
spheric oxygen.

In our general chemistry curriculum, the students are
introduced ro the concepts of electrochemistry and cell po-
tential using the Nernst equation. While the students will be
familiar with the expression given for the overall reaction,
the expression using only the reduction of a species will be a
new concept that must be introduced in the laboratory. For
examnple, a generic reduction half-reaction, eq 3, and its cor-
responding Nernst expression, eq 4, are

A+ = B )
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In eq 3, A is being reduced to B with the addidon of n elec-
zrons. E° is the standard reducdon potendal of the A/B
couple (one paramerer thzt the students will find), while E
is the reducdon porendal that the students monizor during
the course of the timadon for the specific condirions of [B]
and [4). The smdeas will also find #, the number of elec-
ons wansferred during the reducdon,
For the reduction of ferricranide to femocyanide, we can
write the Nernst expression as

_ « RT [fcrro:'
= 7 - £y .
- nF ? [f"_-'ﬁ] G)

where ferro znd ferri are zbbreviared forms of ferrocyanide
and ferricyanide, respecavely. Starting with only ferricyanide
present in soluzion, small aliquots of ascorbic acid are added
10 the solution. After each aliquot, both the concenzradon
of ferricyanide and the soludon potendial, E, are measured
using UV-vis spectroscopy and a two-electrode potendomet-
fic setup, respectively. The plot of the solurion potendal ver-
sus In{[ferro}/{ferri)) gives a line whose y intercepr is the
standard reducton potential of the ferrocyanide/ ferricyanide
couple. The number of elecrons involved in the reduction
of the couple, n, is easily calculared from the slope of the
line. The ascorbic acid is used solely as the reductant in the
reaction; we do not find the reduction potental of the ascor-
bic acid/ dehydroascorbic acid couple.

The experiment provides an excellent illuszradion of the
relationship berween the concentration of species in a redox
couple and the potential of the species. The students are ex-
posed to a practical method of measuring a redox couple po-
tential using spectroelectrochemistry.

Experimental Section
Reagents

Potassium hexacyanoferrate, K;Fe(CN);, ascorbic acid,
and porassium dihydrogen phosphate are purchased from
Sigma-Aldrich (St. Louis, MO). All soludons are prepared

using deionized water.
Instrumentation

The electrical potential, E. of the solution is monitored
using a simple apparatus that had a platinum wire as work-
ing electrode, a saturated silver—silver chloride (Ag/AgCD
electrode as the reference electrode, and a digiral voltmeter
to monitor the difference in potential berween the two elec-
trodes. We also used either a Beckman Spec-20 (Sequoia
Turner model 340) or an Ocean Optics (Chem 2000) UV-
vis spectrophotometer to monitor the absorbance of the fer
ricyanide species in the solution.
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Experimental Procedure

Two stock solurions, 0.50 mM K;Fe(CN), solimion in
0.10 M pH 7 phosphate buffer and 2 0.060 M ascorbic acid,
are prepared by the instructor prior to the experiment. Ap-
prozimarely 30 mL of the ferricyanide solution 2nd T mL of
ascorbic solurion are required by each group of students. The
students start by immersing their plarinum working elecrode
and the Ag/AgCl reference elecrode in approximarely 30 mL
of 0.500 mM K;Fe(CN), solution (Figure 1). The solution
is stirred constantly via magnedc sdrring with special care
taken to ensure the stir bar does not hirt eicher elecrrode. Once
the electrodes are set up properly and a stable volrage read-
ing is obtained. a small portion of the bright yellow soluzion

is removed to measure the absorbance of the ferricyanide at
430 nm. The solution is transferred back to the beaker after
a successful absorbance reading. This absorbance is used 1o
calculate the initial concentration of ferricyanide.

The students are now ready to begin their ttration. A
small aliquor, 5 pL., of 0.060 M ascorbic acid is added to the
beaker with the electrodes. We generally use micropipets for
the drrarion; it is crirical to use small volumes of the titrant
since we are mzking the approximation that the total vol-
ume of the soluticn is unchanged over the course of the ex-
periment. We found that a 5 L aliquot of titrant is optimal
for the concentrations of solutions used; the students gener-
ally measure 15-20 samples over the course of the Htration.
Smaller volumes increase the length of the experiment while
larger volumes dacrease the number of dzra points used in
the analysis.

Afer the ascorbic acid is added, the solution is allowed
1o equilibrzre for two minutes. After two minuzes, the po-
tendal and the absorbance at 420 nm ar= obrainad; both read-
ines should decrease over the courss of the tizadon. Another
aliquor of timrant is added at this point, and the entire pro-
cess is repeated unil the selution appears o be coloriess.

Data Analysis

Our students analyze their data using the Excel spread-
sheer. The calcularions could alse be done via 2 calcularor.

Using the Beer-Lamberr law,
A= cebe (6)

the concentration, ¢, of ferricyanide is calculated from the
absorbance of the soluzion. The molar absorpzivity. €, of the
jon is 1.02 x 103 L mol™ em™ and the path Jength, &, of 1
em is used. The quantity of ferrocyanide is found from the
quantity of ferricyanide lost during the tizradon, assuming
no side reactions occur

= [fcrm]‘. + [Fcrﬁl_ (7}

ro
[TCTH]. ..
inirial

Jable 1. £xperimental Dara Coliected by One Group of Students

A (]Oﬁa:ll/k') {1 O[f rrrncgl/L-‘) [ferro]/[ferri]  In{{ferro}/{ferri]) PD[T:GOV
0.588 5.76 — —_ — —_
0.564 5.53 0.24 0.0433 -3.14 308.8
0.539 5.28 0.47 0.08%20 -2.42 2897
0.515 5.05 0.71 0.141 -1.96 277.9
0.493 483 0.93 0.193 -1.65 2691
0.473 4.64 1.12 0.241 -1.42 261.6
0.445 4.36 1.40 0.321 -1.14 255.2
0.397 3.89 1.87 0.481 0732 2447
0.373 3.66 2.10 0.574 -0 555 239.8
0.342 3.35 2.41 0.719 -0 330 233.6
0.297 2.91 2.85 0.979 -00212 225.6
0.273 2.68 3.08 1.15 0.140 221.2
0.248 2.43 3.33 1.37 0.315 216.7
0.211 2.07 3.69 1.78 0.577 209.9
0.162 1.59 4.17 2.62 0.963 200
0.143 1.40 4.36 3.11 1.13 195.6
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where the subscript x indicazes the [ferro] and (ferri} afrer
the subsequent addition of ascorbic acid during the titration.
The In([ferro]/[ferri]) is calculazed for each dara point. To
reduce problems owing 10 poor signal-to-noise at low con-
centrations of either species, data points ourside the range of
-1 1o +1 for the [n([ferro] /[ferri}) are discarded from furcher
analysis. The solution potential, E, is plotted versus
In({ferro]/ {ferzi]). The data are fit to a line using least-squares
analysis. The y intercept is £°, the standard reduction po-
tenzial of the ferrocyanide/ferricyanide couple versus the
Ag/AgCl standard, and the negarive slope of the line is
RT/nF. Our students are able 1o solve the slope for 7, given
the constants and the temperarure.

There zre no significant hazards associated with zhis ex-
eriment. The [Fe(CN) g% and [Fe(CN)]>- are suble com-
plex ions under the conditions of the experiment. The
material data safery sheets for the complex ions do recom-
mend the avoidance of strong acids and high Temperature,
which could cause the complex jon to decompose with the
formadon of hydrogen cyanide, a roxic gas. Also, both com-
ples jons are toxic via ingesdon.

Typical daa recorded during the course of the experi-
menxt for one group of students are shown in Table 1, while
the dat plomed 25 described zbove are shown in Figure 2
The average intercept velue with the standard deviagon is
0.228 = 0.012V and 0.224 = 0.006 V for two different se-
mesters. The srandard reduction porential can be converred
w0 the SHE standard by adding 0.197 V o the potential ob-
rained with the Ag/AgCl standard (the value for the saru-
rated Ag/AgCl elactrode). The standard reduction porentials
at pH 7 caleulated by the students over the last two semes-

g

0
=]

8

J y = —26.303x + 225.14
- 0 R? = 0.9999

Elactrical Potential / mv
!6!

100 -
50 4
0
-1.5 -10 -0.5 a 0.5 1.0 1.5
[ferro]
n -
[ferr]

Figure 2. A plot of potential vs In([ferra] /[ferri]) using the data in
fable 1 {using potential range of 255.2-195.6 mV}. The linecr
regression line is calculated using the trendline funcion in Micro-
soft Excel.

ters (0.425 Vand 0.421 V) agree well with the reported value
of 0.430 V (10). The number of electrons, 7, caleulared for
the rwo different sermesters are 1.04 +0.24 and 0.97 =0.05,
respectively.

Conclusions

The redox titration of ferricyanide to ferrocyanide us-
ing ascorbic acid as the titrant is an effective method ro il-
lustrate the Nernst equation. The students can visually see
the effect of the concentration term [ferro)/[ferri] in the
Nemst equzrion on the potential measured. This laboratory
also offers several additional benefics: The students use more
advanced inscumentagon and specialized equipment (Le.,
reference elecrodes, micropiperers) ar the beginning of their
chemisuy curriculum. Also, they learn the process of using
experimental data 1o calculare the standard reduction poten-
tal and number of electrons for the reducdon halfreacton
of ferricyanide o ferrocvanide. The laborarory forces the stu-
dent 1o graphically inzerpre: the Nernst equadon.

A student survey was done az the end of the experiment:
80% of the students surveyed s2id they Jeamed something
new in the lab, and 82% said they would recommend thar
this lab be used in the furure. Also, we have found the labo-
ratory to have good reproducibility with ourstanding resulrs.
It provides 2a excellent illustradion of the Nemst equadon
for the experimental laboratory.
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YSupplemental Material

Tnszucdons for the students including a report form and
notes for the insuctor are available in this issue of JCE On-
Line.
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Vibrations of Carbon Dioxide and Carbon Disulfide

Purpose

Vibration frequencies of CO, and CS, will be measured by Raman and Infrared spectroscopy.
The spectra show effects of normal mode symmetries on gross selection rules. A Fermi
resonance in the Raman spectrum will be interpreted in terms of interacting normal modes,
Vibration frequencies will be calculated with ab initio quantum-chemical methods and compared
to experimental frequencies. CS, has longer bonds and lower vibration frequencies than CO,.

Introduction

Linear triatomic molecules such as CO; and CS; have four vibrational normal modes but just
three findamental vibration frequencies because two modes are degenerate.! The stretching
mode is totally symmetric so it is inactive in infrared spectra and active in Raman spectra. The

rot
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1. symmetric 2. bend 2.bend 3. asymmetric
asymmetric stretching Background infrared

vibration and the degenerate spectrum of air, sl;lowing
. . . asymmetric stretching and
bending vibrations are bending vibrations of
infrared active and Raman carbon dioxide.
inactive. Infrared activities
H20

follow from the gross asym
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dipole moment in order to be
spectroscopically active in the
infrared ™! The CO, and C82 molecules have a center of symmetry located at the carbon atom.
Such molecules obey the exclusion rule, “In a centrosymmetric molecule no Raman-active
molecule is also infrared-active and no infrared-active vibration is also Raman active.”” The
symmetric stretching vibration is Raman active and infrared inactive. The bend and asymmetric
stretch are infrared active and are, for €O,, routinely observed in the background scan on an
FTIR instrument 3

Vibration frequencies will be calculated quantum-mechanically for both CO9 and CSp, using
three methods: Hartree F ock, Hartree Fock plus second-order Moller-Plesset correction, and
density functional theory. Hartree-Fock calculations are the simplest and most robust of the three
methods and are good for initial geometry optimization. Vibration frequencies calculated from
simple Hartree Fock theory are usually too large by about 10%. Second-order Moller-Plesset

wavenumbers (/cm)
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TABLE 16.3
van der Waals constants for various substances.

Species a/dm®-bar-mol~? a/dm®-atm-mol 2 b/dm*®-mol~!
Helium 0.034598 0.034145 0.023733
Neon 0.21666 0.21382 0.017383
Argon 1.3483 1.3307 0.031830
Krypton 2.2836 2.2537 0.038650
Hydrogen 0.24646 0.24324 0.026665
Nitrogen 1.3661 1.3483 0.038577
Oxygen 1.3820 1.3639 0.031860
Carbon monoxide 1.4734 1.4541 0.039523
Carbon dioxide 3.6551 3.6073 0.042816
Ammonia 4.3044 4.2481 0.037847
Methane 2.3026 2.2725 -0.043067
Ethane 5.5818 5.5088 0.065144
Ethene 46112 4.5509 0.058199
Propane 9.3919 9.2691 0.090494
Butane 13.888 13.706 0.11641
2-Methyl propane 13.328 13.153 0.11645
Pentane 19.124 18.874 0.14510
Benzene 18.876 18.629 0.11974

a = 2.3026 dm®-bar-mol? and b = 0.043067 dm®.mol~! for methane. If we divide

Equation 16.5 by V — b and solve for P, we obtain

_ (0.083145 dm’-bar-mol~'-K~')(273.15 K)

2.3026 dm®-bar-mol 2

~(0.250 dm®-mol™ — 0.043067 dm®-mol™") - (0.250 dm*-mol)?
=72.9 bar

By comparison, the ideal-gas equation predicts that P = 90.8 bar. The prediction of
the van der Waals equation is in much better agreement with the experimental value of
78.6 bar than is the ideal-gas equation.

The van der Waals equation qualitatively gives the behavior shown in Figures 16.3
and 16.4. We can rewrite Equation 16.5 in the form

<|

Z=P_=:V—— a

16.6
V—-b RT ( )

D\]
<|
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- TABLE 16.4
5 The Redlich-Kwong equation parameterg for various substances.

Species A/dm®-bar-mo]~2.g1/2 A/dm®-atm-moj-2.g /2 B/dm’ - mop-!
Helium 0.079905 0.078860 0.016450
Neon 1.463]1 1.4439 0.012049
Argon 16.786 16.566 0.022062
Krypton 33.576 33.137 0.026789

i Hydrogen 1.4333 1.4145 0.018482

i Nitrogen 15.551 15.348 0.026738

| Oxygen 17.41] 17.183 0.022082
Carbon monoxide 17.208 16.983 0.027394
Carbon dioxide 64.597 63.752 0.029677
Ammonia 87.808 86.660 0.026232
Methane 32.205 31.784 0.029850
Ethane 98.831 97.539 0.045153
Ethene 78.512 77.486 0.040339
Propane 183.02 180.63 0.062723
Butane 290.16 286.37 0.08068
2-Methyl propane 272.73 269.17 0.080715
Pentane 419.97 414.48 0.10057
Benzene 453.32 447.39 0.082996

—_—

= RT_, BRT A — AB
V-7 _ B? - =0 .
P ( + P Tl/ZP) T'Z2p (16.9)

Problem 16-28 has you show that the Peng-Robinson cquation of state is ajsg 5 cubic
€quation in V.

I ]

EXAMPLE 16-3
Use the Redlich-Kwong €quation to calculate the molar volume of ethape at 300 K
and 200 atm.
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Objective

Computational Determination of the Molecular
Constants of HCl

introduction

Calculation of the molecular constants of HCI using ab initio quantum mechan-
ical methods.

Experiment 36 guides you through the acquisition and analysis of the infrared
spectrum of gaseous HCI with the goal of obtaining its molecular constants. It is
helpful to review here the ultimate objective of that experiment in terms of the
five molecular constants sought. These constants are (1) the harmonic frequency,
#,; (2) the anharmonicity constant, VeXe; (3) the rotational constant, Be; (4) the
rotation—vibration coupling constant, o; and (5) the centrifugal distortion con-
stant, D.

This experiment has the same objective. However, you will not use a tradi-
tional “experimental” approach that relies on getting data from a spectropho-
tometer; instead you will employ computational methods that are based on quan-
tum chemistry. The term “ab initio” cited in the Objective means “from the
beginning,” and it may be interpreted that you will obtain these results from an
entirely mathematical quantum mechanical calculation. The goal of these approaches
is to obtain solutions to the Schrédinger equation by making as few approxima-
tions as possible and by avoiding the use of adjustable parameters.

You will use some of the most advanced and reliable techniques currently avail-
able in standard computational chemistry applications. The methods to be used
do not rely on any expeditious assumptions (or adjustable parameters) to facili-
tate or even permit the calculations to be made. Moreover, these calculations can
be performed on a stand-alone personal computer. Thus, you are the beneficiary
of forty years of research in quantum chemistry, immense advancements in com-
puting power, and the successful efforts of computer programmers.

The quality of the results that can be achieved for small molecules (such as di-
atomics) using advanced quantum chemical calculations permits one to determine
molecular constants to within one percent of the experimental quantities. This
achievement is particularly significant because one can now calculate the molec-
ular constants and thus predict the rotational-vibrational spectra of unstable or
exotic species.

Computational Approach

Before we present the computational details, we will give you the basic outline
of the approach to be followed in this experiment. The strategy is to obtain the
internuclear potential energy (PE) function of HCl in the vicinity of the potential
minimurm, for it is the shape of the PE function in this region that determines the
five molecular constants mentioned. Figure 1 shows a qualitative example of the
PE function of a diatomic molecule and the portion of the curve that we strive
to calculate.

In Step 1, we will use high-level quantum chemical methods to calculate the
electronic energy of HCI at specifically chosen internuclear separations. Then in
Step 2 we will refine these energies using a computational technique called basis
set extrapolation. In Step 3 we will fit these refined PE points to a sixth-order
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Figure 1. Qualitative
potential energy curve
for a diatomic molecule.
The section of the curve
that we will calculate is
highlighted. : r

power series as a function of the internuclear distance. Finally, in Step 4 we will
use coefficients of this power series to obtain the sought-after five molecular con-
stants. We will assess the quality of the computational results by comparing them
with their experimental counterparts.

You will use a high-level method for obtaining the electronic energy of HCI
called coupled cluster with single, double, and perturbative triple excitations—
abbreviated CCSD(T).! This method is perhaps the most reliable approach avail-
able that takes into account the correlated interactions of electrons. The basis set
used in the calculations represents the molecular orbitals. It consists of an array
of analytical functions centered on the H and C! atoms and attempts to capture
the “true” molecular wavefunction. We would like to use a basis set that is as
large as possible, providing sufficiently extensive spatial “coverage” of elect{ =
motion around the HCI molecule. Ideally this representation requires an infinite
number of basis functions, but this is clearly impractical. To approximate this
goal, however, we will perform three PE calculations for each chosen H~Cl sep-
aration with basis sets possessing increasing numbers of functions. These basis
sets belong to a family called augmented correlation-consistent polarized valence
functions, abbreviated aug-cc-pVXZ,2 where X denotes a quantity called zeta. In
this experiment, zeta will be double, triple, and quadruple (or X = 2, 3, and 4).
As zeta gets larger, additional functions are used, increasing both the compact-
ness (tightness) and spatial extent (size) of the basis set. The energies calculated
from these larger basis sets come therefore incrementally closer to the energy that
would be obtained in the limit of infinitely extensive basis funcrions. We will es-
timate this limiting energy by performing an extrapolation of the energies ob-
tained with X = 2, 3, and 4 basis sets. This extrapolation yields an estimate of
the energy in the complete basis set (CBS) limit.

Test Run of a CBS-Limit Calculation

Before you get started with the HCI calculations we will guide you through a CBS
extrapolation of the electronic energy of helium. We choose this example because
the calculations are very fast. You will also be able to see how the energy changes
with increasing zeta and will be able to compare the CBS-extrapolated result of
the helium ground state energy with the experimental value.

The calculations described in this experiment can be performed using Gauss-
ian 03 for Windows (G03W) or earlier versions. This is a suite of programs|
can be used to carry out a wide range of computational objectives on the Ivu-
crosoft Windows platform. The work outlined here can be carried out on a PC
with typical RAM memory and disk storage space. The text you enter into the




experiment 41 - | EEECHNSNE)

input file sections of the GO3W file appears in typewriter font and the rele-
vant parts of the output file are shown here in smaller font. Underlined boldface
rext denotes what you will see in the GO3W input file.

FEnter the following text in the Route Section (Gaussian input is case insensitive):

ccsd/cc-pvdz

We perform a CCSD calculation because with only two electrons there are no

triple excitations. In the Title Section section, add whatever text you like
to document your calculation.

The Charge & Mulsicipl. (“multicipl.” is how GO3W abbreviates “multiplicity”)
’ window is the place where you enter the charge of the species followed by its spin
s multiplicity, here,

0,1

TG T T

The He atom is neutral; thus its charge is zero. This calculation is on the ground
state, so the electrons are spin-paired, and the total spin quantum number, S, 1s
zero. The multiplicity (28 + 1) is therefore 1.

3 Next is the Molecule Specification, which contains simply the symbol of the
] helium atom (no coordinates are needed).

=
jilleciag

Calculations

The CCSD energy is found at the end of the output file. For the CCSD/cc-pVDZ
calculation, the result we seek can be found at the bottom of the Gaussian out-
put file in the section called the archive. The archive looks like this (the CCSD
information is in boldface):

N-N = 0.000000000000D + 00 E-N = —6.737201240703D + 00 KE = 2.855176138096D + 00
1|1|UNPC-UN'K[SP|RCCSD-FC|CC-pVDZIHe1lPCUSER\OZ-Dec-ZOOS\Oll#CCSD/CC-PV

DZ||He ccsd double zeta||0,1|{Hef[Version = <86-Win32-G98RevA.9|HF = —2.855

1605|MP2 = —2.8809888|MP3 = —2.8863612|MP4D = —2.887507|MP4DQ =
—2.8873895|MP4

SDQ = —2.8873903|CCSD = —~2.8875948|RMSD = 7.972e-011PG = KH|j@

The CCSD energy, —2.8875948, is in atomic units (hartrees). This energy repre- .
sents the AE for the process

He2* + 2¢~ — He. (1)

s T S R R R R SR

£ Repeat the CCSD calculation using the cc-pVIZ and cc-pVQZ basis sets. Copy
§ the three coupled cluster energies from the Gaussian output files into a spread-
& sheet that supports user-defined regression analysis, such as Excel/SDAS. Arrange
k the data in a three-row column containing the double, triple, and quadruple en-
i ergies. Enter the numbers 2, 3, and 4 in the cells to the left of these entries,
7 respectively.

The extrapolation function you will use to obtain the CBS energy consists of
g; an exponential and a Gaussian term:

E(X) = Ecps + be™*7 + ce™ X1, (2)




PART 10 Computational Chemistry

Figure 2. Extrapolation
of the CCSD(TYcc-pVXZ
energies of helium to
the CBS limit using the
function in equation (2).
The dotted line
represents the value of
Ecas; the solid line is the
experimental value the
total helium energy.

Fit your observed CCSD energies for X = 2, 3, and 4 to equation (2) with a nor
linear fit to extract the value of Ecps. A plot of the CCSD energy versus X
shown in Figure 2. You should obtain a value of —2.90344 hartrees.

-2.880
-2.885
¢

-2.890

-2.895

Energy/hartrees

-2.900

-2.905 !
2

Now compare your CCSD/CBS energy of helium with the experiment. T}
first two ionization energies (experimental) of helium, reported to be 24.5874 ar
54.416 electron volts (eV), respectively, correspond to the processes

He — He*™ + e~ (3

and
Het — He2* e (3

Consider the process in equation (1) and compare your calculated energy with tl
sum of these ionization energies. Use the conversion factor 1 h = 27.2113%6 ¢
What is the percent error in your CCSD(T)/CBS energy?

Now on to HCL

Step 1

Obtain the CCSD(T) energies for HCl at internuclear distances between 0.8 A
1.8 A. This type of calculation is called a potential energy scan. Enter the f
lowing text in the Route Section:

ccesd(t) /aug-cc-pvdz scan

In these calculations we will use the augmented correlation-consistent basis se
The scan entry is a keyword that instructs the program that a variable (in t!
case the H-Cl distance) will be incremented.

Add some text to the Title Section, e.g., HC1 scan double =zeta, 2
type 0, 1 in the Charge & Multicipl. box. For the Molecule Specification sectic
enter

H
Cl 1 r
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The second line indicates that the Cl atom is attached to atom 1 (H) at a distance
r. The third line is blank. The last line, used in concert with the scan keyword,
tells the program to start with a value of r = 1.0 A, perform the calculation in-
dicated in the Route Section, then increment r by 0.1 A, and repeat the calcula-
tion. This process is carried out for a total of eight 0.1-A steps, thus producing a
scan consisting of 9 points along the H-Cl internuclear potential energy surface.

After this calculation, carry out two additional scans using the triple and
quadruple zeta basis sets. Simply replace the “d” in the basis set in the Route Sec-
tion by “t” and then “q”. The other parts of the input file remain the same (ex-
cept for the entries in the Title Sections).

Step 2

Now we will use the results from Step 1 to obtain the CBS-extrapolated energies
for each of the nine points along the PE curve. Although the results of the scan
are summarized in the Gaussian output file, the energies reported there are un-
fortunately not formatted to sufficient significant figures. Therefore you will have
to copy the numerical results from the very end of the file, paste them into a word
processor, and arrange them in a single, continuous line with the values separated
by commas (don’t worry about soft line returns). The results of the double zeta
scan, as they appear in the output file, are shown in the Appendix of this exper-
iment. Save this data as an ASCII-delimited text file. Import the file to Excel/SDAS,
using the commas to delimit the values from each other so that they occupy sep-
arate cells in a row. In a similar fashion, transfer the CCSD(T) data from the
triple and quadruple zeta scans to this spreadsheet so that the three energies for
a given H-Cl distance are aligned in a column. Enter the numbers 2, 3, and 4
into another column, and use SDAS to obtain the CBS energies for each H-Cl
scan point, just as you did in the exercise with helium. This process is less tedious
than it might seem because SDAS recalls the user-defined function during a ses-
sion. You can use the same values—Ecps = —402 and b = ¢ = 1—for the initial
guesses of the parameters in these analyses.

After you complete each CBS extrapolation, copy the CBS energy from the
SDAS Model sheet and paste it into your working spreadsheet (you must use Paste
Special—Values). Arrange these CBS values in a column. Enter the respective H-Cl
distances (in A units) in the cells to the left of the CBS energies. Plot your data;
if all went well, your graph should resemble the bold portion of the curve in Fig-
ure 1.

1

Step 3
Fit your (E,r) data to the sixth-order polynomial
E(r) = ao + aa(r — re? + aslr — 1o} + aalr — ro)* + as(r — o)’ + ag(r — )%, (4)
which has seven parameters. The reason that we use such an extensive function
is that it is able to capture accurately the curvature of the PE function in the vicin-
ity of the minimum and thus yield accurate values of the desired molecular con-
stants. The first parameter, 4o, sets the energy at the minimum of the function,
where 7 = 7. The second-order constant, a3, accounts for the harmonic (para-
bolic) character of the PE function, and the remaining constants describe the an-
harmonic quality of the potential. As we will see in Step 4, the molecular con-
stants can be extracted from these constants.

Fit your CBS scan energies to equation (4). You will probably need initial guess
values of the parameters. You can easily estimate do and r, from the position of
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the minimum of your plotted curve, and it is safe to use initial guesses of zero
for a3 and higher. To estimate a,, look at your plot and see how much the ed
ergy increases for a change in r of 0.1 A from r,; the increase is approximately
a,(0.1)2.

Step 4

Finally you have to extract the HCI molecular constants from the fitted parame-
ters. To do so, you must first convert the fitted coefficients a,, @3, and a4 to cgs
units. Look carefully at equation (4) and identify the units that these coefficients
currently have. Then convert them so that they use energy units of ergs and length
units of cm; 1 A =108 cm and 1 hartree = 4.3597482 X 1011 erg.

Because the experimental spectroscopic constants with which you will com-
pare values were obtained for 'H33Cl, you should use the appropriate isotopic
masses of 1.007825032 and 34.96885271 atomic mass units, respectively.> The
reduced mass is p = mpymcy/(mu + mq).

The first constant, 7., comes directly from the fit to equation (4). For the other
constants, we are guided by the treatment presented by Herzberg:#

'
|
|

1. The rotational constant is determined from the average moment of inertia,
I = p<r>2, of the molecule. It controls the spacings between rotational
levels and is given by

B = b

©7 Bmeur?” ©)

2. The vibrational frequency 7, is the natural frequency of vibration of the
atoms connected by the “spring” of the chemical bond. It is determined by
the stiffness of the spring and the masses of the atoms. It is related to a; by

- 1 2(12_
— [ == 6
2c " (6)

3. Because the potential energy curve is not a true parabola, as the vibrational
quantum number increases the average bond length and therefore the
moment of inertia also increases. This change is described by the
rotational-vibrational coupling constant a,, given by

n2
= —2Be (—‘fi + 1). (7)
Ve a

4. The molecular spring is not infinitely stiff, so as the molecule rotates faster
and faster, the inertia of the atoms (or the “centrifugal force™) causes the
bond to stretch, increasing the moment of inertia and decreasing the
spacings between rotational energy levels. This effect is controlled by spring
stiffness and the masses, and the associated centrifugal distortion constant
D is given by

3
D= 4~Bze. (8)

Ve

5. The anharmonicity constant 7). describes the deviation of the potential
energy curve from a parabola. Because the true PE curve becomes wider
faster than a parabola does as 7 increases, the spacings between the .
vibrational levels become smaller. The decrease in vibrational spacing with
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increasing quantum number is described by the anharmonicity constant
#i,xe. It can be calculated from your fit through

; B, 5, \2  12a47%
DeXe = —§—[15(1 + %’gf) - —7:—6]. (9)
e

Tabulate your molecular constants and compare them with the values reported
in Herzberg.?

Questions and Further Thoughts

1. If you were going to obtain the molecular constants for DCl (2H35Cl), explain why
you would not have to repeat the ab initio calculations (or even the polynomial fit). How,
then, would you proceed to obtain the results?

2. A mathematical function that qualitatively describes real diatomic potential curves is
the Morse potential,

E(r) = D[l — exp [-B(r = 7)])* + C, (10)

where D, is the dissociation energy, B is a constant that determines the curvature, 7, is

the position of the minimum, as before, and C is the energy at the potential minimum

(see Figure 1). Fit your ab initio data to a Morse potential. You can use the 7, value you
! read from your potential curve for an initial guess. D gives the strength of the molecu-
‘ lar bond; since your data cover only a relatively small region near the bottom of the well,
§ a reasonable initial guess for D, is two times the range of energies you obtained in your
2 scan. The Morse function indicates that B must have units of inverse length; 1/8 is the
L characteristic length over which the potential energy curve “leans over” and begins to ap-
f; proach its asymptote, so 1 A1 is a reasonable initial guess for B. C + D, is the energy
) of the separated H and Cl atoms; for the calculation you have done, ~460 hartrees is a
workable guess for C. Compare the fitted values of 7, and D, with those in the litera-
ture,* and comment. Does your estimate of D,, in particular, agree well? What would
you have to do to get a better computational estimate?

3. What is the uncertainty in your value of the harmonic frequency, ¥,? Use the standard
deviation of a;—see the Model sheet from your regression analysis.

4. If you want to calculate the molecular constants for an uncommon molecule, try some-
thing like 2H3H or 3H*H.

5. The ionization energy of the helium cation (a one-electron atom) can be calculated ex-
actly from the Schrédinger equation. Its value is =2 hartrees.t Determine this value from
a CCSD/CBS calculation of He* (charge 1, multiplicity 2) and your CCSD/CBS energy
of the neutral atom. See processes (1), (3a), and (3b). Compare your result with the ex-
perimental value.

= Notes

1. See L. N. Levine, Quantum Chemistry, 5th ed., pp. 568-573, Prentice Hall (Upper Sad-
dle River, NJ), 2000.

2. L. N. Levine, op cit., p. 492.

3. http://physics.nist.gov/PhysRefData/Compositions/

4. G. Herzberg, Spectra of Diatomic Molecules, 2nd ed., pp. 66-82, 90-97, 103-115,
Van Nostrand Reinhold (New York), 1950.

5. G. Herzberg, op. cit., p. 534; see also http://webbook.nist.gov/chemistry and enter the
formula for HCL Check the box for Other Data—Constants of Diatomic Molecules. Scroil
to the bottom of the table where the data for the ground state (X 13.*) are listed.

6. See P. Atkins and J. De Paula, Physical Chemistry, 8th ed., pp. 320-328, W. H. Free-
man (New York), 2002,
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Further Readings

Appendix

J. B. Foresman and & Frisch, Exploring Chemistry with Electronic Structute. . ie:
A Guide to Using Gaussian, 1st ed., pp. 112-113, 141, Gaussian, Inc. (Pitest
PA), 1993.

L N. Levine, Quantum Chemistry, Sth ed., pp. 492-493, 56 3-568, Prentice Hall (1
Saddle River, NJ), 2000.

The CCSD(T)/aug-cc/pVDZ values obtained from a scan from Step 1 as it appears .
archive (very bottom) of the Gaussian output file:

CCSD(T) = —460.18203]7,—460.2407796,—460.2663741,—460.2722674,—46().2667144,
—460.2548048,-460.2397061,—460.2234106,-460.2071777






Introduction to Gaussian

Gaussian is a program that allows for efficient electronic structure calculations. GaussView is the
graphical user interface

Electronic structure methods allow for the computation of molecular properties. The energy and
properties can be determined by solving the Schrédinger equation. Exact methods are difficult to obtain
and there are several different methods that can be used for calculation.

1. Semi-empirical methods-This class of electronic structure methods uses parameters derived
from experimental data to simplify the calculation. This is efficient however as the[l rely on
parameters this method may not yield accurate results if the chemical system deviates from the
systems used for parameters.

Ab initio methods-utilize quantum mechanics and mathematical approximations
Density Functional Theory- Similar to ab initio methods, however electron correlation effects
(the fact that one electron is influenced, and influences the other electrons) are taken into

account.

There are different functional forms and approximations within these methods. In addition to the
functional a basis set is also necessary. A basis set is a mathematical description of the orbitals. The
complexity of the basis set varies from basis set types. Larger basis sets improve the accuracy of the
calculation but increases the computational expenditure. With most computations the question of cost
vs accuracy must be addressed

The setup of the input file is fairly simple:

1. Specify the checkpoint file
Route section. This is where the functional and the basis set are specified as well as any
commands for the calculation

3. Space

4. Title section-This is for the user to document what they are calculating
5. Space

6. Charge and multiplicity

a. Charge is the integer value of the charge on the whole system under analysis
b. Spin of the system. This can be calculated by 25+1; S is the total spin. Paired electrons
don’t contribute to spin as their opposing spin values cancel each other out. Each
unpaired electron adds +1/2 to S.
7. Molecular structure information: This is the starting geometry for the calculation. It can be
specified by creating a Z-matrix, giving a guess geometry, or taking coordinates that have been
experimentally determined (from the protein database, etc)



Basic Input File:

%chk=h2s04_3_ wat_1_opt.chk

# mp2/aug-cc-pVTZ opt

h2s04 n=3 water conf 1

[y

0.44894
-0.01128
0.38994
1.22408
-1.01059
1.83055
-0.53795
-2.49577
-2.59771
-3.09787
2.78423
2.99815
2.94968
-2.40341
-1.43508
-2.66410

T T OIXITITQOITIO0OOO0OITITOO WO

This particular input file was uses the MP2 level of theory with the aug-cc-pVTZ basis set. The calculation
was preformed on one of LSU’s supercomputers and shouldn’t be calculated on a local computer at this
level of theory. This calculation involves sulfuric acid and three water molecules and was part of a series
of calculations to determine when sulfuric acid would experience its first deprotonation. Electronic
structure calculations are totally determined by the electronic structure and therefore the bonds aren’t

-0.62250
-0.95630
0.975lvo1
1.31%311
-0.76788
-1.03293
-1.05997
-0.34288
0.38364
-1.03918
1.42169
0.49837
1.51756
1.62528

1.67009
1.32892

-0.33816
1.11848
-0.37566
0.06039
1.19785
-0.43604
-1.28806
1.29193
0.63690
1.00850
0.62400
0.41913
1.56729
-0.60316
-0.65078
-1.48069

specified and can break and form.



Another way to set up a calculation is to directly open Gaussian09 click file->new and then add the
specific information like the following:

Exercise 1: follow the example and optimize HCI

fﬂ{qb:E""’y o .

ey _?-_ 3

Fle Edi CheckRoute SetStart

Additional Steps

|
% Section |chk=hcl.chk
j | ‘

E <

Route Section limpZJa'ug-celeZ opt

|
Title Section |HCI optimization

i =

4

‘ 3
Charge & Multipl. {0 1 e
o
Molecule Specification iz
cl
H1R
R=1.4

- - - - ‘
1 » 1 » L i ¥

This format has all the required information as the previous calculation. This one is simply optimizing the
HCI. The difference in this calculation is that the Molecular Specification was not given as Cartesian
coordinates, but rather internal coordinates, where the H is placed R distance away from atom 1, which
in this case is Cl. The given distance was 1.4 Angstroms, and when optimized:

1) G1M1V1 - hd_outout (D7Deskiop/hdl outout) R

TEEE. e | =iie %

B = 1.27460 01 H2) Inquire Salect Atom 3




The HCl distance was found to be about 1.27 angstroms. Had the keyword opt not been included in the
input section, the calculation would have done a single point calculation (it would just calculate the
energy at the given coordinates). Try this and compare the energies.

The optimization keyword allows for the program to “search” for a minimum energy structure. This is
done using the gradient of energy until convergence is reached. This may find a saddle point, local
minima, or global minima, which is why it is essential to start with a ‘good’ starting structure. The
structure of your minima is dependent on the starting structure.

FrJquencies: Adding the term freq to the route section will aIIO\L for the calcu{lation of frequencies.
These are useful |for calculation of force constants, prediction of| IR spectra, identification of stationary

points, and for corrections to calculated thermodynamic properties. They are'calculated from the
second derivative of energy with respect to nuclear positions.

Here is an input file for you to try:

Exercise 2: examine molecular orbitals as well as vibrational frequencies

%chk=co2z.chk
#p ub3lyp/lanl2dz pop=(full,npa) opt freq

Molecular orbital calculation and vibrational frequencies of co2

01

o

O 1R1

O 1R12180.0
Variables:
R11.1612

This particular calculation optimizes the geometry, calculates the frequencies, and the addition of
pop=(full,npa) prints the full molecular orbital data from the natural population analysis.

Once the calculation is completed, the checkpoint file can be opened in Gaussview. To view the
molecular orbitals you can go to edit-> MO -> Visualize, click a molecular orbital to highlight and click
update.

To view the frequencies open the output file in Gaussview. Click Results-> Vibrations. You can click on
any of the modes and then start animation to view the movement. The intensities are also given in the
table. (See next page) The predicted spectrum can be visualized by clicking spectrum, however it is
important to keep in mind that while the frequency and intensity of the lines were calculated, the width
is given arbitrarily.



® ___6 __»..* > _ ______@ GSM:L\H ;_Diépiay \;’l_izrati-ons. ;

v
S . it 265147,
2 615.03 26.5147
3 1267.67 0.0000
! 4 2284.65 559.5883
|
[
}
Animate Vibration: o
L Start Animation ' Save Movie...v '
Animation Frequency: ¥
Displacement Amplitude:
— Show Displacement Vectors Scale:
Show Dipole Derivative Unit Vector
"' Manual Displacement: Ei1 0.00 Save Structure..,
Close Cancel Spectrum Help

A summary of the results from a calculation can be taken from going to Results->Summary. For the
carbon dioxide the output would look like this:

@i B Ga:M1:V1 - _G‘_at_;s_sii:p‘c;a]_gglaﬁ_on Summary
Molecular orbital calculation and vibrational frequencies co2

File Name cc.\22E

File Type o Jdog

Calculation Type FREQ

Calculation Me;nod UB3LYP,

Basis Set LANL2DZ

Charge [

Spin Singlet

E(UB3LYP) -188.54011918 a.u.

RMS Gradient Norm 0.00000661 a.u.
Imaginary Freq o]

Dipole Moment 0.0000; Debye
Point Group D*H

Job cpu time: 0 days O hours 0 minutes 2.4 seconds.

! Ok ) View File Save Data

Keep in mind that the energy is given in atomic units



Exercise 3:

Calculate the energy and frequency of HCl using the ccsd(t) and the aug-cc-pvtz basis set with these
coordinates:

H 0.00000000 0.00000000 0.00000000
cl 0.00000000 0.00000000 1.27000000
Exercise 4:

Use the same coordinates as above but change the y coordinate of tlle Cito 1. Attempt a potential
energy scan across the hcl distance. Hint: the keyword opt=ModRed requests a relaxed potential energy
scan. Also after the coordinate specification you will have to include a line saying what you want

scanned.

Element_scanned Element_number Element_number S number_of_scans interval_of_scan



After you receive your assignment: prepare input file .gjf as described in your textbook/website.

Example assignments;

1) calculate HCl (or DCI or HBr or DBr frequencies and show results with animation ), suggested
methods HFor RHF - nwd \R Ao I~

2) calculate TD functions of benzene or naphthalene at 300K latm

3) calculate vibrations of benzene or naphthalene

4) calculate electronic potential of HCl for 10 points using SCAN function (go directly to Gaussian ,

not Gauss View) using model and base set ccsd (t) /aug-cc-pvtz

5) calculate energy and molecular orbitals and show molecular orbitals for naphthalene using
b3lyp/6-31+G(d) L T

KG) calculate NMR spectrum of benzene (advanced)

Geometries:

Benzene

6 0.000000 1.396619 0.000000
6 1.209508 0.698310 0.000000
6 -1.209508 0.698310 0.000000
6 1.209508 -0.698310 0.000000
6 ~1.209508 -0.698310 0.000000
6 0.000000 -1.396619 0.000000
1 0.000000 2.483617 0.000000
1 2.150875 1.241808 0.000000
1 -2.150875 1.241808 0.000000
1 2.150875 -1.241808 0.000000
1 -2.150875 -1.241808 0.000000
1 0.000000 -2.483617 0.000000

benzoic acid

.03626666666666667 ~1.3137333333333332 0.06193333333333333
.4352666666666667 -1.3137333333333332 0.06193333333333333
.135266666666667 ~0.10273333333333312 0.06193333333333333
.4352666666666667 1.1092666666666668 0.06193333333333333
.03626666666666667 1.1092666666666668 0.06193333333333333
-0.6637333333333333 -0.10273333333333312 0.06193333333333333
-2.1037333333333335 ~0.10173333333333323 0.06093333333333333
—=2.706733333333333 -1.1437333333333333 0.06093333333333333
=2.7747333333333333 1.0632666666666666 0.05993333333333333
-0.5067333333333334 -2.2587333333333333 0.06193333333333333
1.9802666666666666 -2.2577333333333334 0.06193333333333333
3.2252666666666667 -0.10273333333333312 0.06193333333333333
1.9802666666666666 2.0532666666666666 0.06193333333333333
—0.5067333333333334 2.054266666666667 0.06193333333333333
—-3.001733333333333 1.3082666666666667 -0.8630666666666668

O NEFE O

TmmmmImoonoaaQnN



Napthalene

(R=si= - R o NeNoNe N M-k . NeNoNe Ro e

OFRF WWEFEHNDNR

.08443682575528
.3224206605546884 ~0.7927429985296366 0.7001161606331444
.481835535127136 0.5580591907495254 0.3807483362065216
.3972333007299906 1.310359573719593 ~0.05133804279514124
.5340734984683766 2.352497935280988 -0.34885275917585595
.461389699958172 1.024140549129248 0.45881731037908374
.179459912149262 -1.3649533267386011 1.0376579524572767
.0079655821115816 -2.4843680472025444 0.8518906501888984
-08503002370576217 0.6459054468740536 -0.15968575272776847

.0261711352653762 1.374203209686488 -0.5724762702374843
.2605244880810678 0.737570938945495 -0.6410650118144827

.397864317378605 -0.6236532743077187 -0.33468717292887146
.2845216995206103 -1.3739852352172743 0.05817393062993007
.04064031556226016 -0.7293272126217363 0.16071895445869772

.3956954963173658 -2.447223721399662 0.30045577193994755
.378025733863516 -1.0944084394838827 —0.3845449466092944
.1305240800257?45 1.315049269793162 -0.9343418685697398
.935591941088417 2.43426613128?722 -0.8200310552539497

7 -1.4298759558300005 0.5904436310439122

HC1l (potential surface /curve scan0

H

Cillr

r l1.08 .1

HC1

DC1

Cl

Co2

Cc 0.0 0.0 0.0
01l 0.0 0.0 1.161204
02 0.0 0.0 -1.161204




Models/basis set:
b31lyp/6-31+G (d)
RHF/6-31G(d)

HEF STO-3G

ccsd (t) /aug-cc-pvtz

Work:

SCAN

Opt
Freg=ReadIso

POP= (FULL, NPA)



%NProcl=4

&mem=2000000, 7000000
zchk=hcl.chk

#p ccsd(t) /aug-cc-pvdz scan

HCL D
01

H
Cl1lr

rl.08.1



#Chk=Dc1 .chk

#HF STO-3G

# Oopt Freq=ReadIso

hecl freq
01

H 0. 0. 0.

Cl 0. 0. 1.27
300 1. 0.91

2
35

cartTb-bcl-noscanfr - Copy.gjf.txt

Page 1



$Chk=benzacid5.chk
#p b3lyp/6-314+G(d) scf (MaxCycle=300,tight)
# GFPrint POP=(FULIL,NPA)

benzoic acid

1

0.03626666666666667 —1.3137333333333332 0.06193333333333333
1.4352666666666667 —-1.3137333333333332 0.06193333333333333
2.135266666666667 -0.10273333333333312 0.06193333333333333
1.4352666666666667 1.1092666666666668 0.06193333333333333
0.03626666666666667 1.1092666666666668 0.06193333333333333
-0.6637333333333333 ~-0.10273333333333312 0.06193333333333333
-2.1037333333333335 -0.10173333333333323 0.06093333333333333
-2.706733333333333 -1.1437333333333333 0.06093333333333333
-2.7747333333333333 1.0632666666666666 0.05993333333333333
-0.5067333333333334 -2.2587333333333333 0.06193333333333333
1.9802666666666666 —2.2577333333333334 0.06193333333333333
3.2252666666666667 —-0.10273333333333312 0.06193333333333333
1.9802666666666666 2.0532666666666666 0.06193333333333333
-0.5067333333333334 2.054266666666667 0.06193333333333333
-3.001733333333333 1.3082666666666667 —-0.8630666666666668

acjiaciiecfiaciie iz o NONONONONONONONO N =



$chk=napth3.chk

#p b31lyp/6-31G(d) scf (MaxCycle=300,tight)
# GFPrint POP=(FULL,NPA)

# Opt Freq

DNapthalene this try on runGO3 ... 4 MP5L

[

-1.0261711352653762 1.374203209686488 -0.5724762702374843
-2.2605244880810678 0.737570938945485 -0.6410650118144827
-2.397864317378605 -0.6236532743077187 -0.33468717292887146
-1.2845216995206103 -1.3739852352172743 0.05817393062993007
-0.04064031556226016 -0.7293272126217363 0.16071895445869772
-1.3956954963173658 -2.447223721399662 0.30045577193994755
-3.378025733863516 -1.0944084394838827 -0.3845449466092944
-3.1305240800257645 1.315049269793162 -0.9343418685697398
.935591941088477 2.434266131287722 -0.8200310552539497

amnI@TDnEmQOQOQOO@DnEEZZIOOO0000O0
|
(@]

1.0844368257552817 -1.4298759558300005 0.5904436310439122
2.3224206605546884 -0.7927429985296366 0.7001161606331444
2.481835535127136 0.5580591907495254 0.3807483362065216
1.3972333007299906 1.310359573719593 -0.05133804279514124
1.5340734984683766 2.352497935280988 -0.34885275917585595
3.461389699958172 1.024140549129248 0.45881731037908374
3.179459912149262 -1.3649533267386011 1.0376579524572767
1.0079655821115816 -2.4843680472025444 0.8518906501888984
0.08503002370576217 0.6459054468740536 -0.15968575272776847

300 1.0 0.9135

12

12

12

12

12

1

1

1

1

12

12

12

12

1

1

1

1

12



TDco2Zxxf - Copy.txt
%chk=c:\Users\chruqn\Desktop\coszx.chk
#p freq ub3lyp/lanl2dz pop=(npa,full) geom=connectivity #guess=(mix,print)

charge = 0 spin =0 (multiplicity 1)
01

C 0.00000000 0.00000000 0.00000000
o] 0.00000000 0.00000000 1.16120000
o] 0.00000000 0.00000000 -1.16120000
122.032.0

2

3

gOO 1.0 0.9135

8

8

Page 1



%Chk=benzacid2.chk

#p
be

s HoNoNONONONONONONP N

H
H
H

30
12
12
12
12
12
12
12
16
16
1

el )

RHF/6-31(d) Opt Freg=Readlso

nzoic acid

1

0.03626666666666667 —-1.3137333333333332 0.06193333333333333
1.4352666666666667 —-1.3137333333333332 0.06193333333333333
2.135266666666667 —0.10273333333333312 0.06193333333333333
1.4352666666666667 1.1092666666666668 0.06193333333333333
0.03626666666666667 1.1092666666666668 0.06193333333333333
-0.6637333333333333 -0.10273333333333312 0.06193333333333333
-2.1037333333333335 -0.10173333333333323 0.06093333333333333
-2.706733333333333 -1.1437333333333333 0.06093333333333333
-2.7747333333333333 1.0632666666666666 0.05993333333333333
-0.5067333333333334 -2.2587333333333333 0.06193333333333333
1.9802666666666666 —-2.,2577333333333334 0.06193333333333333
3.2252666666666667 —-0.10273333333333312 0.06193333333333333

1.9802666666666666 2.0532666666666666 0.06193333333333333
~0.5067333333333334 2.054266666666667 0.06193333333333333
-3.001733333333333 1.3082666666666667 —-0.8630666666666668

0 1.0 0.9135



hclt - Copy.txt
%chk=hclt.chk

#p ccsd(t)/aug-cc-pvtz scan
HCL D

01

H

clir

rl1.08 .1

Page 1



Models/basis set:
b3lyp/6~-31+G(d)
RHF/6~31G (d)

HF STO-3G

ccsd (t) /aug—cc-pvtz

Work:

SCAN

Opt
Freg=ReadIso

POP=(FULL, NPA)
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70 cChapterlil Use of Computers

FIGURE 1

An Excel spreadsheet
comparing potential energy
curves calculated for HCH
for Morse and harmonic
oscillator models with ab
initio quantum mechanical
results obtained with the
program Gaussian. The
example illustrates the use
of cell formulas and some of
the text Format options, such
as bold and italic fonts of
various sizes, subscripts and
superscripts, and Greek and
other special characters.

E_j Mmu olt Excel - Morsehcl wls
f e s ;

! U(HO) =172 U"(Morse) (r— ,) =D, B (r-r)?
Potential Energy Curves for HCI
60,000
s 40,000 A
8r=R0057 A ~
Potential Energy Values 's
r  Morse HO abinifio | &
A3 Tw_;m(é em’! em’? e’ 20,000 -
e BEnb[ 245153 | so128 ’
] 0.65 187426 50689
070 141662 42899
0.75 105609 35760 118448
080 77419 29269 85229 0
085 55582 23428 60222 0

38863 18236\ 41544

=§B$7+(SBSBA2*(A19-$BS6)N2)
=$BST#(SBSBA2*(A20-5BS6)12)

=A18+$B§10
=A15+§B$10

size, color, outlining, and so on. The Open and Save operations in the File menu can be
used to open or save a spreadsheet, and the Print operation in this menu allows one to print
all or a portion of the worksheets, including graphs, as in Fig. 1. You should experiment
freely in order to become comfortable with these various manipulations.

DATA ENTRY AND MANIPULATION

Text and numerical data are entered into a cell by simply moving to the desired loca-
tion and typing it. In the Excel worksheet example of Fig. 1, potential energy curves are
calculated for Morse and harmonic oscillator models of a diatomic molecule from param-
eters entered into cells B6, B7, and B8. Data from a calculation using the ab initio quantum
mechanical program Gaussian, described later, have been entered into column D. Under an
operating system such as Windows, this transfer is easily effected by Copying the desired
data from one Windows program to an intermediate Clipboard and then Pasting it into
the spreadsheet or, in some cases, by directly “dragging” a selected block between two
active programs. Alternatively, data files in standard ASCII form can be directly read into
a spreadsheet and parsed as desired to separate into columns x, y, and other text or numeri-
cal quantities.

Text can be displayed, and printed, in various fonts and font sizes, as subscripts or
superscripts, or as special math or Greek characters by modifying the characteristics of
cell entries under the Format options at the top of the worksheet (also accessible via the
right mouse button). Similarly, one can choose centering or left—right adjustment (align-
ment) of the text or numbers, bold or italic text, the widths of columns, and the format of
numerical entries (0.00560 or 5.60E2, $27.37, etc.). Numerical data typically are stored
and generated with at least 15 digits of accuracy, regardless of the number entered or dis-
played. Other spreadsheet niceties include color choices for text and shading and outlining
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A similar conclusion is reached if U(r) is taken to have the Morse potential form given by
Eq. (9) of Exp. 39. In both cases, the mass dependence of 7, x, is found to be greater than
for 7, and is

;3‘ x¥ _ M
_— = = 15
’1;, xg y'* ( )
Equations (13) and (15) are useful in obtaining the '173 counterpart of Eq. (8),
/2
PE o= Trk—o et =5 A ) o, B
v§ = vi— 2 vyt ve(#*) 2p,x, pr (16)

and it is seen that a measurement of ;o for HCI and DCl suffices for a determination of
v, and 7, x,. Alternatively of course the latter constants can be determined from overtone
vibrations (Av > 1) of a single isotopic form (see Exp. 39). However, such overtones gen-
erally have low intensity and the transitions may fall outside the range of many infrared
instruments, so the isotopic shift method is used in the present experiment,

Since HCI gas is a mixture of H*C1 and H'CI molecules, a chlorine isotope effect
will also be present. However, the ratio of the reduced masses is only 1.0015: therefore
high resolution is required to detect this effect. HCI is predominantly H*Cl, and for this
experiment we shall assume that the HCI bands obtained are those of H*CL, If deuterium is
substituted for hydrogen, the ratio of the reduced masses, [.L(DSSCI)/,LL(HSSC]), is 1.946 and
the isotope effect is quite large.

Vibrational Partition Function.*® The thermodynamic quantities for an ideal
gas can usually be expressed as a sum of translational, rotational, and vibrational contribu-
tions (see Exp. 3). We shall consider here the heat capacity at constant volume. At room
temperature and above, the translational and rotational contributions to C, are constants
that are independent of temperature. For HCI and DCI (diatomic and thus linear mole-
cules), the molar quantities are

Cy(trans) = R
Cu(rot) = R (17)

The vibrational contribution to C, varies with temperature and can be calculated from the
vibrational partition function g, using

~ ] alnq~b)
Cy(vib) = R—| 72 —2vib. 18
(vib) 6T< aT (18)

The partition function g.;, of HCI or DCl is well approximated by the harmonic-oscillator
partition function g"°. Since the energy levels of a harmonic oscillator are given by
(v + $)hv, one obtains*

_ hd —(U + 'L)hll _ e—hV/ZkT
=2 exP[ P e T o

v=0

Combining Egs. (18) and (19), we find
Y -

~ ¥ U
C,(vib) = R 1" ¢

(—_e——u)z (20

where u = hv/kT = hcv/kT = 1.43887/T.
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Intensities and Statistical Weights. The absolute absorption intensity of a
vibrational-rotational transition is proportional to the square of the transition moment Py
times the population in the lower state. Py varies only slightly for different rotational lev-
els, so the principal factors determining the relative intensity are the degeneracy and the
Boltzmann weight for the lower level, :

—heBJ(J + 1
I, « gg, exP[+{l (12)

The rotational degeneracy g, is 2J + 1, and the nuclear-spin degeneracy g, varies with
rotational level only when the molecule contains symmetrically equivalent nuclei.

A complete discussion of the factors that determine g, is beyond the scope of this book
but can be found in Refs. 5 and 7. Briefly, the total wavefunction W\, for molecules with
equivalent nuclei must obey certain symmetry requirements upon exchange, as determined
by the Pauli principle. Exchange of nuclei with half-integral spin, such as protons (I = ),
must produce a sign change in ¥,,,. Such nuclei are termed SJermions and are distributed
among energy levels according to Fermi-Dirac statistics. Nuclei with integral nuclear spin,
such as deuterium (/ =-1), obey Bose—Einstein statistics and are called bosons; for these
the sign of ¥\, is unchanged by interchange of the equivalent particles. The total wave-
function can be written, approximately, as a product function,

\Ptol = ‘/’elecl/’vib!pmt‘/’ns (13)

For the ground vibrational state of acetylene, ..ty is symmetric with respect to
nuclear exchange, so Yot,,, must be antisymmetric for C,H,, symmetric for C,D,. For
linear molecules the Y functions are spherical harmonics that are symmetric for even J,
antisymmetric for odd J.*>’ The ¢, spin-product functions for two protons consist of three
that are symmetric (aa, af + Ba, BB) and one that is antisymmetric (¢ — Ba), where o
and B are the functions corresponding to M, values of +% and —% (see Exp. 32). Thus
for CH,, it follows that g, is 1 for even J, 3 for odd J, and the P and R branch lines will
! alternate in intensity. For C,D,, with spin functions a, B, y representing the M, values of
; +1, 0, —1, there are six symmetric nuclear spin combinations (e, BB, vy, af + Ba, ay
] + ya, By + yB) and three that are antisymmetric to exchange (e — Ba, ay — ya, By —
¥B). Consequently the even J rotational lines are stronger in this case. The experimental
observation of such intensity alternations confirms the D, symmetry of acetylene, and in
the present experiment serves as a useful check on the assignment of the J values for the P
and R branch transitions.

EXPERIMENTAL
o~

f An infrared grating or Fourier-transform (FTIR) spectrometer covering the spectral
region from 600 to 4000 cm ™" is sufficient for this experiment, although extension to 400
: cm™! is desirable if the v5 band of C,D, at about 540 cm™! is to be studied. Table 2 indi-
5 cates the spectral regions of interest and the approximate pressures that give satisfactory
intensities. These pressures may require some adjustment depending on the resolution
capabilities of the instrument, since the peak absorbance of a narrow line increases as the
spectral resolution improves. For the survey scan, a resolution of 4 cm™ is adequate to
permit rapid data collection at reasonable signal-to-noise ratio. The regions to be studied
in detail should be examined at an expanded scale to permit accurate frequency measure-
ments. A resolution of at least 1.5 cm™! is needed to resolve the rotational structure of the
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energy, E, is the vibrational energy, and E, is the rotational energy. This electronic energy
E,, refers to the minimum value of the potential curve for a given electronic state. The
zero of energy is arbitrarily taken as the minimum in the potential curve for the lowest
electronic state (ground state). It is convenient to divide E;, by the quantity 4c, where
c is expressed in units of cm s7, to get the so-called term value, Typdem™) = E/he =
T, + G + F, where the vibrational and rotational term values E,/hc and E,/hc are given
their conventional symbols G and F, respectively. The advantage of this change is that
the frequency » (expressed in cm ™) for a transition between two electronic states can be

simply expressed by
7= i+ G’ - Gw”) + FUJ') = F(J") (1a)
=ZﬁGw0—GWﬂ (16)
where v, = Tj — T,/ = T, since T = 0 for the ground electronic state. G(v) is the
vibrational term value, Wthh for an anharmomc oscillator is
G) =2 (v+4) ~ V. xv+ 4§’ +V,5.0+3° + ., )

The rotational-term difference F(v', J') — F(v”, J”) will be ignored, since the rotational
structure is not resolved in this experiment. The cubic term in G(v) is also small and can be
neglected in obtaining the transition frequency

B, ") = AL D) =T + B - L+ )+ T+ b )

If the quantum numbers v’ and v” are known, the measured frequencies in an absorption
or emission spectrum can then be used w1r_h a multlple lmear least-squares technique (see

- Chapter XXI) to determine the parameters v,,, 7., ¥.x., 7", and vox.,
An alternative analysis procedure that is often used concentrates on the determina-
tion of v, ,7,x, parameters within each electronic state. Differences between levels in the

upper state are obtained from
Av) =70 +1L,v") =0, v") =, - 20 x (v + 1) 4)

A plot of Av (v’) versus v/, termed a Birge-Sponer plot, will thus have a slope of —25/x
and an intercept of 3, — 27 /x.. The values of AD (v*) for all v” values are combined i m
this plot, so the two methods should give the same v, and v}x, parameters. A similar
treatment can be used for lower-state differences Av(w”)to yleld v% and v/x”. The elec-
tronic spacing v, is then determined using these parameters and the observed frequenmes
in Eq. (3). This alternative procedure has the virtue of providing a visual representation of
the data so that discordant points can be examined and the data can be fitted with a single
least-squares treatment that is easily done on a personal computer. The multiple linear
regression technique is preferred however, since it uses all the data with equal weighting
and has minimum opportunity for calculational error in forming differences. Such regres-
sions are easily performed with spreadsheet programs, as discussed in Chapter I1I.

Dissociation Energles. Because of the anharmonicity term, the spacing between
adjacent vibrational levels decreases at higher v values, going to zero at the point of disso-
ciation of the molecule into atoms. From Eq. (4), the value of v = v, at which this occurs
i8 Vs = (1/2x,) — 1. Substitution of this into Eq. (2) gives an expression for the energy D,
required to dissociate the molecule into atoms:

| Q=Gmm=ﬁﬂ%12 )




Exp. 39 Absorption and Emission Spectra of I, 439

The energy D, to dissociate from the v = O level is smaller than D, by the zero-point
energy G(0) = 7,/2 — 7,x. /4,50

D, = ;e(l%ﬁ 6)

The expressions used in Egs. (3) to (6) assume that 7, Y. and higher-order anharmonic-
ity terms can be neglected, an approximation that is good for the B state of I, but more
typically leads to D, values that are high by 10 to 30 percent. The error for the X ground
electronic state is particularly large if only the absorption data are used to deduce 77, 77 x”,
and D since only the v = 0, 1, 2 levels are appreciably populated at room temperature.
Extension to higher levels, v” up to ~30, is possible using the emission spectrum, so that
improved values of ¥, and ¥7x’ are obtained. The value of D’ remains poorly determined
however, since even the v” = 30 level is less than halfway to the dissociation limit.

A more accurate value of D, can be obtained by combining ¥,; and D, values with
E(I*), the difference in electronic energy of the iodine atoms produced by dissociation
from the X and B states. The value of E(I*) is known to be 7603 cm™! from atomic spec-

troscopy, '° so that, as seen in Fig. 1,
D} =, + D - E(I*) )

Potential Functions. Near the minimum in the potential-energy curve of a dia-
tomic molecule, the harmonic-oscillator model is usually quite good. Therefore the force
constant k, can be calculated from the relation

2
k, = (‘37[21) = uQRmcv,)? )

where w is the reduced mass and c is the speed of light in cm s ! units. The constant &, is
the curvature of the potential curve at the minimum distance r, and, like the dissociation
energy, serves as a measure of the bond strength.

At large displacements from the equilibrium position, the harmonic representation of
the potential energy is invalid and a more realistic model is necessary. One simple function
that is often employed is the Morse potential,

U(r —r) = D.{exp [-B(r — .)] — 1} ®

which has the desired values of O at r = r, and D, at r = . The parameter 8 is determined
by equating , to the curvature of the Morse potential at r = r,, yielding

k 172
()

This three-parameter function provides a very good approximation to the real potential
energy curve at all distances except r << r,, a region of no practical significance.

Rotational Structure. Although rotational structure is not resolved in the present
I, absorption experiment, each vibrational hand consists of P (AJ=—1)and R (AJ = +1)
branches as discussed in Exp. 37. For vibrational changes within a given electronic state,
such as those measured for HCl in Exp. 37, the P and R branches are distinct, with a pro-
nounced dip between them that characterizes the missing Q branch frequency for the “pure”
vibrational transition (see Fig. 37-3). The spacing between lines in each branch is not con-
Stant, a slight asymmetry arising from a quadratic term [see Egs. (37-9, 37-10; 38-11)]:

'17 = ;0_’_ (BI + Bll)m + (Bl - Bll)m2 (11)
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This is a genera] equation for the transition frequencies in which ;; = —J for the P lines
andm=J+ 1 for the R lines. For B’ < B", the m? term causes a decrease (increase) in
line spacing in the R(P) branch at high J values, The resultant asymmetry is small for HC,
since B’ — B” is small,

If the upper and lower levels of a transition correspond to different electronic States,
B'—pB"is generally much larger and the corresponding quadratic term jn Eq. (11) win
often cause a frequency maximum (B’ < ") in the R branch or a frequency minimum
(B'">B") in the p branch. This reversa] in the progression of lines at low values of J
produces a sharp band head, which in the case of I, occurs on the R branch edge at a J
value as low as J = 3. The R branch thus folds back and merges with the P branch so that
only a single band is seep for each transition to a vibrational leve], A transition frequency
measured at the intensity maximum of this band will be lower than the “pure” vibrational
transition frequency ¥, assumed in Eq. (3). This error is not constant, varying from 20 to
30 cm™ for I, as v increases from 0 to the dissociation limit. In contrast the difference
Y heas = Yy is quite small, varying from 0 to 0.13 cm™!. Ror this reason, in the present

in the upper state owing to collisions, the emission to a given lower 3" level will consist of
only the two transitions corresponding to AJ = —1 and AJ = +1. Since there is no restric-
tion on Av, one will observe Sequences of doublets whose large spacings give the vibra-
tional-level Separations in the ground electronic state, The small spacing corresponds to
28" + 1), the separation between the J* = J +landJ" =g — 1 levels in the lower
v" state. If a doublet of known J' value can pe resolved, the splitting can be used to deter-
mine the rotational constant B"(v"),

variable over the 450 to 650-nm range, a single correction value is sufficient,

Crystals of I, can be placed in a conventional glass cell of 100-mm length, which is
then closed with a Teflon stopper, A usable spectrum can be obtained at room temperature
(vapor pressure of L, ~0.2 Tom), although the absorption is much more intense if the cell
is wrapped with heating tape to rajse the temperature to ~40°C (vapor pressure ~1 Torr).
In this case, to avoid condensation of L, the windows should be heated to a higher tem-
Perature by wrapping the ends of the cell with extra cojlg of heating tape,

Emission Spectrym, Several sources are suitable for exciting the emission spec-
trum of I,. In previous editions of this text, the use of g low-pressure mercury discharge
lamp was described, in which the green Hg line at 546,074 Im causes a transition from







Thermodynamic Quantities

>
- for Selected Substances
[a)
(o]
- at 29815 K (25°C)
w
o
o
<
AH? AG} se AH? AG} s°
Substance (kJ/mol) (kJ/mol) (J/mol-K) Substance (kJ/mol) (kJ/mol) (J/mol-K)
Aluminum CoHe(g) —84.68 —32.89 2295
Al(s) 0 0 28.32 C3Hg(g) ~103.85 —~23.47 269.9
AICly(s) ~705.6 ~630.0 109.3 C4Hio(g) -124.73 ~15.71 310.0
AlLOxfs) -1669.8 -1576.5 51.00 C4Hyo(D) -147.6 -15.0 231.0
CeHe(g) 82.9 129.7 269.2
Barium CeHe(D) 49.0 1245 172.8
Ba(s) 0 0 63.2 CH;0H(g) -201.2 -161.9 237.6
BaCOx(s) ~1216.3 -1137.6 112.1 CH;0H() -238.6 -166.23 126.8
BaO(s) —553.5 ~525.1 70.42 C,H50H(g) ~235.1 -1685 282.7
C,HsOH(l) ~277.7 -174.76 160.7

Beryllium CsH120¢(s) ~1273.02 -910.4 2121
Be(s) 0 0 9.44 CO(g) -110.5 ~137.2 197.9
BeO(s) —608.4 =579.1 13.77 CO4(g) -393.5 —394.4 213.6
Be(OH),(s) —905.8 —817.9 50.21 HC,H;0,(]) —487.0 —3924 159.8
Bromine Cesium
Br(g) 111.8 82.38 174.9 Cs(g) 76.50 49.53 175.6
Br(ag) ~120.9 -102.8 80.71 Cs(l) 2.09 0.03 92.07
Bry(g) 30.71 3.14 245.3 Cs(s) 0 0 85.15
Bry(l) 0 0 152.3 CsCl(s) -4428 -4144 101.2
HB -36.23 -53.22 198.49

e Chlorine
Calcium Clg) 121.7 105.7 165.2
CaCOj (s, calcite) -1207.1 ~1128.76 92.88 HCl(ag) -167.2 —1312 56.5
CaCly(s) ~795.8 ~748.1 104.6 HCl(g) —92.30 —95.27 186.69
CaRy(s) ~1219.6 -1167.3 68.87 )
CaO(s) ~6355 —604.17 39.75 Cé‘:é’;mum 3975 N 174
Ca(OH),(s) —986.2 ~898.5 83.4 Cr) 0 0 236
CaSOy(s) ~1434.0 -1321.8 106.7 Cr,05(5) 11397 —1058.1 812
Carbon Cobalt
Clg) 7184 6729 158.0 Co(g) 439 393 179
C(s, diamond) 1.88 284 243 Cofs) 0 0 28.4
C(s, graphite) 0 0 5.69
CCly(g) ~106.7 —-64.0 309.4 Copper
CCly()) -139.3 —68.6 2144 Cu(g) 338.4 298.6 166.3
CF4(g) ~679.9 ~635.1 262.3 Cu(s) 0 0 33.30
CHy(g) -74.8 -50.8 186.3 CuCly(s) —205.9 ~161.7 108.1
CH,(g) 226.77 209.2 200.8 CuO(s) -156.1 -1283 42,59
CoHy(g) 52.30 68.11 219.4 Cu,0(s) -170.7 -147.9 92.36
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1_',:.‘:;"\ \
AH? AG? s° AH} AGP Se
Substance (kJ/mol) (kJ/mol) (J/mol-K) Substance (kJ/mol) (kJ/mol) (J/mol-K)
Fluorine MnO,(s) —519.6 —464.8 53.14
F(g() | 80.0 619 158.7 MnO, (ag) —541.4 —4472 1912
F(aq -332.6 -278.8 -13.8
F(9) 0 0 202.7 Mercury
HF(g) ~268.61 —270.70 173.51 Hg(g) 60.83 3176 174.89
Hg(I) 0 0 77.40
Hydrogen HgCly(s) -230.1 ~184.0 1445
H(g) 217.94 203.26 114.60 Hg:Cla(s) —264.9 —2105 1925
H(ag) 0 0 0 .
H* 1536.2 1517.0 1089 Nickel
Hzg)) 0 0 13058 Ni(g) 429.7 384.5 182.1
Ni(s) 0 0 29.9
Iodine NiCly(s) —305.3 ~259.0 97.65
1(g) 106.60 70,16 180.66 NiO(s) -239.7 -211.7 37.99
. I~ (aq) -55.19 —51.57 111.3 Nitro
3 gen
I,(g) 62.25 19.37 260.57 N(g) 4727 455.5 1533
I,(s) 0 0 116.73
HI(g) 25.94 1.30 206.3 Na(g) 0 0 191.50
@ : : : NHs(aq) -80.29 ~26.50 113
NHs(g) —46.19 —16.66 192.5
Iron NH,*(ag) -1325 ~79.31 1134
lgzg)) 4135 363-8 122-25 N,Ha(g) 95.40 159.4 238.5
: NH,CN(s) 0.0 — —
2+ _ _ 4
Fe (@9) 87.86 8493 1134 NH,,Cl(s) ~314.4 ~203.0 9.6
Fe**(ag) —47.69 -10.54 293.3 NH,NO(s) 3656 1840 151
FeCly(s) —3418 —302.3 117.9 '
NO(g) 90.37 86.71 210.62
FeCls(s) —400 -334 1423
s 719 07 NO,(3) 33.84 51.84 240.45
reX ity 255.2 75 NO(g) 816 10359 2200
_ Feg 4(5) -1117.1 ~1014.2 142.42 NOCI(g) 526 66.3 264
; e5:(6) —17Ls 1601 529 HNOs(ag) ~206.6 ~1105 146
| Lead HNO3(g) -134.3 ~73.94 266.4
i Phb(s) 0 0 68.85 Oxygen
PbBry(s) —2774 —260.7 161 O(g) 247.5 230.1 161.0
PbCOs(s) ~699.1 ~625.5 131.0 04(8) 0 0 205.0
Pb(NOg3)(aq) —421.3 —246.9 303.3 Os(3) ' 142.3 163.4 237.6
Pb(NO3)a(s) —4519 — — OH (aq) -230.0 -157.3 -10.7
PbO(s) —217.3 —187.9 68.70 H,0(g) —241.82 —228.57 188.83
- H,0() —285.83 —237.13 69.91
Lithium H,0,(3) ~136.10 —105.48 232.9
tlgg)) 153-3 126.6 128-8 H,0,() ~187.8 —-120.4 109.6
i(s 0 9.09
Li*(aq) —278.5 —273.4 12.2 Phosphorus
I Li*(g) 685.7 648.5 133.0 P(g) 316.4 280.0 163.2
LiCl(s) —408.3 —384.0 59.30 Pg) 1443 103.7 218.1
) Ps(g) 58.9 244 280
H- Magnesium Py(s, red) ' —17.46 —12.03 22.85
Mg(g) 147.1 112.5 148.6 P4(s, white) 0 0 41.08
! Mg(s) 0 0 32.51 PCls(g) ~288.07 —-269.6 311.7
! MgCly(s) ~641.6 -592.1 89.6 PCl3()) -319.6 ~272.4 217
i MgO(s) -601.8 —569.6 26.8 PFs(g) -1594.4 —1520.7 300.8
i Mg(OH)s(s) —924.7 —-833.7 63.24 PH3(g) 5.4 134 2102
! P4O4(5) -1640.1 — —
Manganese P,040(s) —2940.1 —2675.2 228.9
1 Mn(g) 280.7 238.5 173.6 POCls(g) —542.2 —502.5 325
: Mn(s) 0 0 32.0 POCI4() -597.0 -520.9 222

1 MnO(s) ~385.2 -362.9 59.7 H3PO4(ag) —12883 11426 158.2
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AH} AG} s° AH? AG} s
Substance (kJ/mol) (kJ/mol) (J/mol-K) Substance (kJ/mol) (kJ/mol) (J/mol-K)
Potassium Na*(ag) —240.1 —261.9 59.0
K(g) 89.99 61.17 160.2 Na*(g) 609.3 574.3 148.0
K{(s) 0 0 64.67 NaBr(aq) —360.6 —364.7 141.00
KCl(s) —4359 —408.3 82.7 NaBr(s) -361.4 -349.3 86.82
KClOs(s) -391.2 —289.9 143.0 Na,COs(s) -1130.9 —1047.7 136.0
KClOs(ag) —349.5 —2849 265.7 NaCl(ag) —407.1 —393.0 115.5
K,COs(s) -1150.18  —1064.58 155.44 NaCl(g) -181.4 —201.3 229.8
KNOs(s) —492.70 -393.13 132.9 NaCl(s) -4109 ~384.0 72.33
K>0(s) —363.2 —322.1 94.14 NaHCO54(s) —947.7 —851.8 102.1
KOs(s) —284.5 —-240.6 122.5 NaNOj3(ag) —446.2 —-372.4 207
K20,(s) —495.8 ~429.8 113.0 NaNOs(s) —467.9 -367.0 116.5
KOH({s) —424.7 -378.9 78.91 NaOH(ag) —469.6 —419.2 49.8
KOH(aq) —4824 —-440.5 916 NaOH(s) ~425.6 -379.5 64.46
Rubidium Strontium
Rb(g) 85.8 55.8 170.0 5rO(s) —-592.0 ~-561.9 54.9
Rb(s) 0 0 76.78 Sr(g) 1644 110.0 164.6
RbCl(s) -4305 -412.0 92
Sulfur
RbClO5(s) 3924 292.0 152 S(s, thombic) 0 0 31.88
Scandium Sa(g) 102.3 49.7 4309
Sc(g) 377.8 336.1 174.7 S0,(g) —296.9 —300.4 248.5
Se(s) 0 0 346 SO3(g) —395.2 -370.4 256.2
2
SO4% (ag) -909.3 —744.5 20.1
Selenium SOCLy() -245.6 — —
HaSe(g) 29.7 159 219.0 H>5@) ~20.17 3301 2056
H,504(ag) -909.3 ~7445 20.1
Silicon H,504(1) —814.0 —689.9 156.1
Sigg)) 368.2 323.9 167.8 Titanium
Si(s 0 0 18.7
SiC(s) —73.22 —70.85 16.61 .}:1 @® 468 423 128';6
SiCly()) —640.1 -572.8 239.3 T‘.(s) B :

: iCly(g) 763.2 ~726.8 354.9
Si0O4(s, quartz) —910.9 —856.5 41.84 TiCly(l) ~804.2 —78.1 2219
Silver TiO,(s) —944.7 —889.4 50.29

Ag(s) 0 0 42.55 Vanadium
Ag*(ag) 105.90 77.11 73.93 V(g) 514.2 453.1 1822
AgCl(s) —127.0 —109.70 96.11 V(s) 0 0 28.9
Ag,0O(s) —31.05 —11.20 121.3
AgNOs(s) —1244 -3341 1409 Zinc

Zn(g) 130.7 95.2 160.9

Sodium Zn(s) 0 0 41.63

Na(g) 107.7 77.3 153.7 ZnCly(s) —415.1 —369.4 111.5
Na(s) 0 0 51.45 ZnO(s) —348.0 —318.2 439







