Equilibrium Constant of a Hydrogen Bonded Complex

In this experiment we will determine the equilibri constant for the formation of the
hydrogen-bonded complex between chloroform ancaeédt

ﬁ P
CHCl; + CH,CCH; =—= d—?—H-HO: C

Cl CHs

Chloroform forms complexes with a large numbek@ivis bases. For example, the
equilibrium constant of the complex with pyridirserather small but still important. For :

- _ _[CHClzepy]
CHCk + py —~~  CHClzpy Kea={CHCI3] [py]

For pyridine Kqis 1.40 L/mol. These equilibria can be studied ®asuring the shift of the
proton resonance of chloroform upon complexatoih wie base. First, we must consider the
appearance of the NMR spectrum of a species unitgrgaapid and reversible chemical
reaction.

Effect of Fast Chemical Reactionson NMR Spectra?

We will discuss two examples of the effect of fasémical reactions on NMR spectra; the first
is the collapse of spin-spin multiplets causeddsy proton exchange and the second is the
averaging of chemical shifts of protons exchandpetyveen two different molecules.

The spectrum of ethanol is a good example oéffexts of chemical reactions. The spectrum
of very pure ethanol is shown in Figure 1. If omaraines the spectrum of ethanol in an acidified
solution, however, the result illustrated in Figs2btained. The difference is that the spin-spin
splitting from the hydroxyl proton has disappearkdid catalyzes a very rapid exchange of the
hydroxyl proton. In the time it takes for a metmgeproton to undergo resonance, many different
hydrogen nuclei have been attached to the oxygsm result, the methylene proton experiences
a field averaged to zero from the O-H nuclear mdyreamd the Jcon coupling disappears. In a
similar fashion, the hydroxyl proton is attachedrtany different ethanol molecules, averaging to
zero the field it experiences from -@Horotons, and only a single resonance is observed.
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Figure 1. NMR spectrum of pure ethanol (facsimile).
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Figure 2 NMR spectrum of acidified ethanol.

This effect is called exchange narrowing. Inetiganol case the triplet of the -OH proton is
narrowed to a singlet due to the collapse of the-spin splitting.

Exchange narrowing can also operate on systemvhich protons are exchanged between sites
with different chemical shifts. A very dramatiauditration of this effect is the spectrum of a
solution of aqueous ammonia in which one does @@tgparate N-H and water O-H protons,
but only a single exchange-averaged line. Whenan@h is rapid, the chemical shift of this
exchange-averaged line is found to be a mole-trasatieighted average of the shifts of the
different types of protons being exchanged:

dAVG = XNH ONH3 + XOH OH20

It is important to emphasize thaj is not the mole fraction of ammonia, but the nfadetion
of N-H protons, i.e.,

3 I'NH3
NH =3 s+ 2 fz0

X

Exchange narrowing only applies if the chemicahange is rapid. In this experiment we will
be operating in this rapid exchange regime. Wewgé the chemical exchange weighted value of
the chemical shift to derive a value for the edpuilim constant of a reaction.

Evaluation of Thermodynamic Data with NM R2

As mentioned above, when two species undergo e@ldange on the NMR time scale,
the chemical shift observed is a mole-fraction \Wwe2d average of the two resonances. Consider:

__[AB]
Kea=TAT [B]

A+B —~— AB

1

The chemical shift of the A resonance will be aenfbhction weighted average of the resonance
of the free A and that of the analogous atom inABeadduct:

davG = XA 0a + XaB OAB 2
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where X refers to mole fraction. An analogous ¢iguacould be written for a resonance in B.
Expressing Eg. 2 in molarity units:

__ A, [AB]
OAVG = [T+ [AB] %A [A] + [AB] A8 3

Rearranging, collecting terms, and subtract&ig]pa from both sides of the equation
produces:

[A] (davG -0a) + [AB] (davG -0a) = [AB] (daB -da) 4

DefineAdops= (davG - 0a ), Which is the
change between the observed solution
chemical shift and the chemical shift of the
uncomplexed molecule. Defitdca = (daB CHCI3
- dp ), which is the change in chemical shift
between the completely complexed and

uncomplexed molecule. See Figure 3forthe = 77~ T T T T 4
definiton of theA terms. <3 6A

Since the reaction has 1:1 stoichiometry:

[A°] =[A] + [AB] 5

o CHCl; and pyridine

where [A°], the initial concentration of A.
Analogously for B:

[B°] = [B] + [AB] 6 7 OA/G 6

< o>
Substituting Eq. 5A0ops andAdca into Eq. 4
gives:
CHCl; and excess

AB [ °] Adops 7 pyridine

[ ] ABCA L L L L L L L L

I for th / °AB °
Solving for the concentrations of [A] and [B]
and substituting Egs. 5 and 6 into Eq. 1 gives: |<—A6CA—>|

[AB] Figure 3. Shift of the chloroform resonance
K= ([A°] - [AB)) ([B°] - [AB)) 8 caused by hydrogen bonding. Top: chloroform,
Middle: chloroform with intermediate
Next we focus on the terms in the concentrations of pyridine, Bottom:

denominator of Eq. 8. For the first term in thehloroform with a large excess of pyridine to

den0m|nat0r SUbS“tUtlng fOI’ [AB] from Eq 7g|ve tota”y Comp|exed Chloroform
g|VeS

o o A1 Adobs) _ . ( AdcA - Adobs
(~- 1) = (1 - g ) = a7 (T )

and for the second term in the denominator:
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A°l A S
(e - 12 = (3] Pa) 10

Substituting Egs. 9 and 10 into Eq. 8 gives:
Adobs

. : 11
(A5CA- A5obs) ([B°] - %(A:iws)

In Eq. 11, all quantities are known except K &dg . The two unknowns are constant at a
given temperature and can be obtainiedm a series of simultaneous equations that résuh
measuring\dgpsin experiments in which [B°] is varied. Remembw@ttthe chemical shift of
species A is being measured.

Data Analysis

For reactions with small equilibrium constaritss not possible to shift the reaction
completely towards the product complex. TherefAdga cannot be measured directly. But we
can still recover bothdca and K by knowing\dgpsfor different concentrations of B and non-

linear curve fitting based on Eq. 11. However, Efis not in an easy form to use in curve
fitting. To make the derviation of the fit equatieasier, define:

y = AdohdAdcA 12
and the molar ratio of the hydrogen-bonding pasiaer.

x =[B°]/[A°] 13
In this experiment, A is chloroform and B is acetodsing these definitions and Eq. 7:

[AB] =[A°ly 14

([A°]-[AB]) =[A°](1 -Y) 15

([B°T-[AB]) = [A°](x —y) 16

Substitution of these three equations into Eq.itésy

_ Yy
KR -y ) 17

For convenience define:
b=K[A°] 18
From Eq. 17, cross-multiplying and rearranging igt@dratic form gives:
0=Dby—(1+Db(1+x))y + bx 19

This quadratic equation is commonly encounteragtiendetermination of chemical equilibrium
constants. Using the quadratic formula gives:

(1 + bA+x))£/(1 + b(1+x)} — 4 BX
y= 2b

20
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where only the negative root gives a reasonablgeviar y in this experiment. Substituting in the
definition of y from Eq. 12, allows the fitting &idopsdirectly as a function of the molar ratio of
the hydrogen-bonding partners, as defined in Eqg. 13

Adohs=Adca L e _\/%J b(1+x)J — 4 Bx 21

Although a little messy, this equation is easilgdigh non-linear curve fitting. This functional
form is available in the “Non-Linear Least Squatesve Fitting” applet on the course Web site
(http://www.colby.edu/chemistry/PChem/scripts/igffihtml). The applet has the corresponding
functional form “a{(1+b(1+x)) — sqrt[(1+b(1+x))*2 4b"2)x]}/2b + c.” EqQ. 21 doesn’t have the
constant “c” term. The “c” coefficient should juss fixed as ¢ = 0. Use this applet to determine
K andAdca. To obtain a ball-park guess for K, choose a ragugss foAdca and solve for a
trial K from Eq. 11 for a typical data point.

Procedure
Prel ab Assignment:
Do your calculationsfor preparing the solutions before coming to the laboratory.

Equipment: NMR spectrometer
1, 2, 3, 4, and 5-ml volumetric pipets
5x25-mL volumetric flasks
50-mL volumetric flask
5 nmr tubes with caps
pipet bulb
Chloroform, cyclohexane, acetone

| Chloroform is a suspected car cinogen. Use gloves when handling chlor oform|

Procedure

Prepare a stock solution of 1.247 M chloroform @rg% TMS in cyclohexane by diluting 5 ml
of chloroform and five drops of TMS to 50 mL in alymetric flask. The density of chloroform
is 1.489 g/ml. From this stock solution preparelatson of 0.0998 M chloroform in
cyclohexane. These concentrations result from usiegtandard volume pipettes listed above.
This solution will give yowa.

The four remaining solutions should containgame concentrationf chloroform as this last
solution_andvarying amounts of acetone; the concentratiorcefane should be between
approximately 1.0 to 2.5 M. Use 25-mL volumetriosl éhe volumetric pipettes listed above for
these four solutions. Transfer each of the solgtiorNMR tubes and cap tightly. These
solutions will give yowavg.

The instructions for using the NMR are incluégdhe end of this manual. Remember that the
chloroform is very dilute; you must increase thetical gain in the spectral display to see it. If
automatic peak listing does not find the chlorofgreak, you will need to find the peaks by
hand. Use cyclohexane as your chemical shift retereSo remember to measure the chemical
shift of cyclohexane for each sample.
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Your solutions don't contain a deuterated sdlv@nyou will not be able to lock the NMR or
do automated shimming. Rather, make sure the NMé&nesd-up well by running a spectrum of
10% CDC4 in cyclohexane in the normal way.

NMR Procedure

1. Run the spectrum of a sample of 10% CP&kyclohexane under normal conditions.
However, clear the check mark next to the Tuneydntsave time, if not already cleared
(right-hand side of the window).

2. Set up each of your samples in the automati@ue using the following settings. Leave the
solvent set to CDGl(even though we are working in cyclohexane, we’atecking and
shimming so the solvent information is not necegsamder the Acquire Tab, in the Default
H1 page, choose a convenient spectral width for yreasurements on the features chosen
for study. Check with the instructor on the appiajgness of your choice. (The default
spectral width is 14 -2 ppm.) Under the Start tab, clear the check maes to the Auto
Lock, Tune, and Gradient Shim entries (right-hadé sf the window).

3. Record the current temperature. The currenpéeature is shown in the dialog box in the
lower left-hand side of the screen.

4. When your samples are complete, run ethylbenttenomplete the automation run.

If the lines in your NMR spectra become too braadtch back to the 10% CDgin
cyclohexane sample. Then continue with the regbaf samples.
Any solutions should be discarded in the wastédéprovided.

Discussion

Report the equilibrium constant for the hydropemd and\dca. Use the uncertainties in the
fit coefficients from your non-linear curve fittirtg calculate the uncertainties in K ahdca.

Use the correlation coefficient between the fitgoaeters to discuss the validity of the final
results.

Is this a normal hydrogen-bond or is it unus¥dl?y does chloroform hydrogen bond?
CalculateA,G° from AG° = — RT In K¢ Based on your k& andA,G®, is the hydrogen-bond
strong? What is the chemical significance of tiigeziment? Why would you need to know this
kind of information?
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