










𝟏̅

𝟏̅

 





 

 

 

 



⋅ ⋅ ⋅

𝜆 =
ℎ

𝑝

𝑝 = [
ℎ

2𝜋
]𝒌𝑖

|Δ𝒌| = 𝑛 ⋅ 𝜆, 𝑛 ∈ ℤ

𝐚 ⋅ Δ𝒌 = |𝐚| ⋅ |Δ𝒌| ⋅ 𝑐𝑜𝑠(𝐚, Δ𝒌) = ℎ 

𝐛 ⋅ Δ𝒌 = |𝐛| ⋅ |Δ𝒌| ⋅ 𝑐𝑜𝑠(𝐛, Δ𝒌) = 𝑘

𝐜 ⋅ Δ𝒌 = |𝐜| ⋅ |Δ𝒌| ⋅ 𝑐𝑜𝑠(𝐜, Δ𝒌) = 𝑙

𝐚∗ =
𝒃 × 𝒄

𝑉
, 𝐛∗ =

𝒂 × 𝒄

𝑉
, 𝐜∗ =

𝒂 × 𝒃

𝑉
, 𝑉 = (𝒂 × 𝒃) ⋅ 𝒄

⋅ ⋅ ⋅

Δ𝒌 = 𝑲



2𝑑 sin 𝜃 = 𝑛𝜆, 𝑛 ∈ ℤ

𝐹(ℎ𝑘𝑙) = ∫𝜌(𝒓) exp{2𝜋𝑖(ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗)𝒓}𝑑𝒓

 

𝑉



𝜌(𝒓) =
1

𝑉
∑∑∑𝐹(ℎ𝑘𝑙) exp{−2𝜋𝑖(ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗)}

 

𝑙

 

𝑘

 

ℎ

𝐹ℎ𝑘𝑙

𝑓𝑗 = ∫𝜌(𝒓𝑗) ⋅ exp(2𝜋𝑖𝒔 ⋅ 𝒓𝑗) 𝑑𝒓𝑗

 

 

𝑓0(sin 𝜃/𝜆) =∑𝑎𝑖

4

𝑖=1

⋅ exp(−𝑏𝑖(𝑠𝑖𝑛𝜃/𝜆)
2) + 𝑐

𝑓(𝜃, 𝜆) = 𝑓0(𝜃) + Δ𝑓′(𝜆) + 𝑖Δ𝑓′′(𝜆)



𝐹(ℎ𝑘𝑙) =∑𝑓𝑗

 

𝑗

⋅ exp (2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)) ⋅ exp(−2𝜋
2𝑈(𝜃))

𝑈 = 𝑈11ℎ
2𝒂∗2 + 𝑈22𝑘

2𝒃∗2 + 𝑈33𝑙
2𝒄∗2 + 2𝑈23𝑘𝑙𝒃

∗𝒄∗ + 2𝑈13ℎ𝑙𝒂
∗𝒄∗ + 2𝑈12ℎ𝑘𝒂

∗𝒃∗

| ( )|

𝜌(𝒓) =
1

𝑉
∑∑∑|𝐹(ℎ𝑘𝑙)| exp(−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧 − 𝛼ℎ𝑘𝑙))

 

𝑙

 

𝑘

 

ℎ

 



 

 

 ⋅ ( )⋅ ( )⋅ ( ) Eq. 1-20 



 ( ) [ ⋅ ( ) ] ( ⋅〈 〉) Eq. 1-21 



 

 

𝑅𝑚𝑒𝑟𝑔𝑒 =
∑ ∑ |𝐹𝑜,𝑖

2 (ℎ) − 〈𝐹𝑜
2(ℎ)〉| 

𝑖
 
ℎ

∑ 𝐹𝑜
2(ℎ) 

ℎ

𝑅𝑠𝑖𝑔𝑚𝑎 =
∑ 𝜎(𝐹𝑜

2(ℎ)) 
ℎ

∑ 𝐹𝑜
2(ℎ) 

ℎ

𝑅𝑟.𝑖.𝑚. =
∑ (

𝑁
𝑁 − 1)

 
ℎ𝑘𝑙 ∑ |𝐹𝑜,𝑖

2 (ℎ𝑘𝑙) − 〈𝐹𝑜
2(ℎ𝑘𝑙)〉|𝑁

𝑖

∑ ∑ 𝐹𝑜,𝑖
2 (ℎ𝑘𝑙)𝑁

𝑖
 
ℎ

 

𝑅𝑝.𝑖.𝑚. =
∑ (

1
𝑁 − 1)

 
ℎ𝑘𝑙 ∑ |𝐹𝑜,𝑖

2 (ℎ𝑘𝑙) − 〈𝐹𝑜
2(ℎ𝑘𝑙)〉|𝑁

𝑖

∑ ∑ 𝐹𝑜,𝑖
2 (ℎ𝑘𝑙)𝑁

𝑖
 
ℎ



 

𝑅1 =
∑ ||𝐹𝑜

 (ℎ𝑘𝑙)| − |𝐹𝑐
 (ℎ𝑘𝑙)|| 

ℎ𝑘𝑙

∑ |𝐹𝑜
 (ℎ𝑘𝑙)| 

ℎ𝑘𝑙

𝑤𝑅2 = √
∑ 𝑤{𝐹𝑜

2(ℎ𝑘𝑙) − 𝐹𝑐
2(ℎ𝑘𝑙)}2 

ℎ𝑘𝑙

∑ 𝑤{𝐹𝑜
2(ℎ𝑘𝑙)}2 

ℎ𝑘𝑙

𝑤 = 1 [𝜎2(𝐹𝑜
2) + (𝑎𝑃)2 + 𝑏𝑃]⁄

𝑃 = [
2

3
⋅ 𝐹𝑐

2 +
1

3
⋅ max(𝐹𝑜

2, 0)] 

𝐺𝑜𝑜𝐹 = √
∑ 𝑤{𝐹𝑜

2(ℎ𝑘𝑙) − 𝐹𝑐
2(ℎ𝑘𝑙)}2 

ℎ𝑘𝑙

𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 − 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠
 



𝑒𝑔𝑟𝑜𝑠𝑠 =
1

2
∫|𝜌0(𝒓)|𝑑

3𝑟
 

𝑉

df(0)

ρ(d=2)



( ∑𝐹𝑜
2 ∑𝐹𝑐

2⁄ < 1)

∑
( F
o2
) /
∑
( F
c2
)





 

𝜌(𝑟) = 𝑃𝑐𝑜𝑟𝑒𝜌𝑐𝑜𝑟𝑒(𝑟) + 𝑃𝑣𝑎𝑙𝜅
3𝜌𝑣𝑎𝑙(𝜅, 𝑟) + ∑ 𝜅𝑙

′3

𝑙𝑚𝑎𝑥

𝑙=0

𝑅𝑙(𝜅𝑙
′, 𝑟) ∑ 𝑃𝑙𝑚±𝑑𝑙𝑚±(Ω)

𝑙

𝑚=0

𝜅𝑙
′

𝑅𝑙(𝜅𝑙
′, 𝑟) = (𝜅𝑙

′ 𝛼𝑙)
3
(𝜅𝑙
′ 𝛼𝑙  𝑟)

[𝑛(𝑙) + 2]!
exp(−𝜅𝑙

′ 𝛼𝑙  𝑟) 

𝜅𝑙
′

𝜅𝑙
′



 



 

 



∇ ∇𝜌

∇ρ(r) = 0, a point of zero-flux. These points are characterised by the rank m (number 

of non-zero eigenvalues) and the signature n (algebraic sum of the sign of the eigenvalues) of the 

corresponding Hessian Matrix H(r). The Hessian is the partial second derivative of the spatial 

coordinates x, y, z at the point r. 

∇2  

𝐻(𝒓) =

(

 
 
 
 

𝜕2𝜌

𝜕𝑥2
𝜕2𝜌

𝜕𝑥𝜕𝑦

𝜕2𝜌

𝜕𝑥𝜕𝑧

𝜕2𝜌

𝜕𝑦𝜕𝑥

𝜕2𝜌

𝜕𝑦2
𝜕2𝜌

𝜕𝑦𝜕𝑧

𝜕2𝜌

𝜕𝑧𝜕𝑥

𝜕2𝜌

𝜕𝑧𝜕𝑦

𝜕2𝜌

𝜕𝑧2 )

 
 
 
 

𝑛𝑎𝑝 − 𝑛𝑏𝑐𝑝 + 𝑛𝑟𝑐𝑝 − 𝑛𝑐𝑐𝑝 = 1



∇𝜌(𝐫) ⋅ 𝐧(𝐫) = 0 ∀ 𝐫 ∈ surface 𝑆(𝐫)

∇𝜌(𝐫) n(r) r

∇

∇2 ∇2

 

∇2𝑉(𝒓) = −4𝜋(𝜌𝑛𝑢𝑐𝑙𝑒𝑎𝑟(𝒓) − 𝜌(𝒓))

𝑉(𝒓) = ∫
(𝜌𝑛𝑢𝑐𝑙𝑒𝑎𝑟(𝒓

′) − 𝜌(𝒓′))

|𝒓′ − 𝒓|
𝑑3𝒓′

𝑉(𝒓) =∑
𝑍𝑖

|𝑹𝒊 − 𝒓|

𝑁

𝑖=1

−∫
𝜌(𝒓′)

|𝒓′ − 𝒓|
𝑑3𝒓′



𝐸𝑡𝑜𝑡 = 𝐸𝑒𝑠 + 𝐸𝑖𝑛𝑑 + 𝐸𝑑𝑖𝑠𝑝 + 𝐸𝑒𝑥−𝑟𝑒𝑝

𝐸𝑒𝑠 = ∑∑
𝑍𝑎𝑍𝑏
𝑟𝑎𝑏

 

𝑏∈𝐵

 

𝑎∈𝐴

+∫𝜌𝐴(𝒓𝐴)𝑉𝐴
𝑛𝑢𝑐

 

𝐴

𝑑𝒓𝐴 +∫𝜌𝐵(𝒓𝐵)𝑉𝐵
𝑛𝑢𝑐

 

𝐵

𝑑𝒓𝐵

+∫ ∫
𝜌𝐴(𝒓𝐴)𝜌𝐵(𝒓𝐵)

|𝒓𝐴 − 𝒓𝐵|

 

𝐵

 

𝐴

𝑑𝒓𝐴𝑑𝒓𝐵

𝑉𝐴
𝑛𝑢𝑐 𝑉𝐵

𝑛𝑢𝑐

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ HC

𝑠(𝒓) =
|∇𝜌(𝒓)|

2(3𝜋2)1 3⁄  𝜌(𝒓)4 3⁄



⋅

𝐸𝑡𝑜𝑡 = 𝐸𝑒𝑠 + 𝐸𝑖𝑛𝑑 + 𝐸𝑑𝑖𝑠𝑝 + 𝐸𝑒𝑥−𝑟𝑒𝑝

 

 









 

 



 

 

⋅

̅



 

 

×



 

〈 〉



〈 〉



〈𝑁∑(𝐼 − 〈𝐼〉)2/(𝑁 − 1) ∑ 𝜎2(𝐼)〉



〈 〉

⋅

#



 

⋅







 

〈 〉



ℎ𝑘𝑙

 

( ) 𝑤 =

( ) ( ( ))



[𝐹𝑐𝑎𝑙𝑐
2 (3ℎ 3𝑘 3𝑙)]

∗
= (1 − 𝑘𝑡𝑤𝑖𝑛)𝐹𝑐𝑎𝑙𝑐

2 (3ℎ 3𝑘 3𝑙) + 𝑘𝑡𝑤𝑖𝑛𝐹𝑐𝑎𝑙𝑐
2 (ℎ𝑘𝑙)

𝑘𝑡𝑤𝑖𝑛 ≅

 ≪ 

 

 

Test crystals.

̅



 

 

 



 

filtered

( )

√ 〈 〉

〈 〉

( )



  .

𝐾 = 〈 〉 〈 〉






 

 

 

2 

 

 

 

 

3 

 

 

 

 

4 

 

 

 

 

5 

 

 



× 1 × 



 





 

 



 



 



 

⊥

∥

⊥

∥

∥







 



-∇

-∇

df(0)

ρ(d=2)



∇





 

( )   

 

( )



√

𝑅𝑐𝑟𝑜𝑠𝑠 =
∑ ∑ |𝐹𝑜

2 − 𝐹𝑐
2| 

𝑛𝑘

∑ ∑ 𝐹𝑜
2 

𝑛𝑘



 

 

 

( )

 



 

 

 

 

 



 

 

 

 

 

 

𝑘−1

𝑘
⋅ 𝑁

ϵ

∇



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

⊥



 

 

 





⊥ 

 



 

∇ 



 

 (| |  )

 





∇ 





∇ 





∇ 





∇ 





 ∇ 

 

 

4̅



 

 

≪



 





 

 

 

 









 

 



⋅⋅⋅ 

1̅

1̅

1̅





̅

̅

 

̅

̅



̅

̅

̅

̅

̅

1̅

1̅



1̅

 

1̅

1̅

1̅

1̅

1̅

1̅







 



⋅⋅⋅

⋅⋅⋅

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅

⋅⋅⋅



∇

∇2ρ(r)

∇2







 

⋅⋅⋅ 



1̅



⋅⋅⋅ π is present that 

spans the crystal

1̅ 1̅

1̅

1̅

1̅]

1̅]



 





1̅



1̅

1̅



1̅

1̅

1̅



1̅

1̅





 

1̅



↔



 

1̅







 

⋅









 



⋅⋅⋅ .

⋅



∑𝐹𝑜
2/∑𝐹𝑐

2









 

 𝟏̅

1̅

0.12 ⋅ ⋅ 0.09



 

0.09 ⋅ ⋅ 0.08



 𝟏̅

1̅

0.10 ⋅ ⋅ 0.07



 

⋅ ⋅



 

⋅ ⋅



 

⋅ ⋅



 

1̅

0.11 ⋅ 0.10 ⋅ 0.09



 

⋅ ⋅



 

0.122⋅0.115⋅0.104



 

⋅ ⋅



 

̅

⋅ ⋅



 

⋅ ⋅ 







 





 

 











 

1 

Ag Mo 

  

2 

Ag Mo 

  



3 

Ag Mo 

  

4 

Ag Mo 

  



5 

Ag Mo 

  

6 

Ag Mo 

  



7 

Ag Mo 

  

 

 

𝑁(1) − 𝐶(1) [Å]
𝑒𝑔𝑟𝑜𝑠𝑠 [𝑒]

𝑑𝑓(𝜌0)

𝜌𝑚𝑖𝑛(𝑑 = 2) [𝑒Å
−3]

𝜌𝑚𝑎𝑥(𝑑 = 2) [𝑒Å
−3]



 

⋅

⋅

⋅



 

1 

 

2 

 



3 

 

4 

 



5 

 

6 (IµS) 

 



6 (TXS) 

 



 

𝑘𝑡𝑤𝑖𝑛

⋅



 

𝑘𝑡𝑤𝑖𝑛

⋅



 

𝑘𝑡𝑤𝑖𝑛

⋅



 

𝑘𝑡𝑤𝑖𝑛

⋅



 

𝑘𝑡𝑤𝑖𝑛

⋅



 

1̅

𝑘3

⋅



 







 

𝚫(𝑪 − 𝑪) 𝑹𝟏 𝒌



 

1̅

1̅

1̅

1̅

1̅

1̅

1̅



1̅



 

 

 



 

 

 

⋅



 

 





 



 



 

⋅

 



 

 

















 

 

In
te
n
s
it
y
 

 

 

 



 

1̅



 

 



 



 



 

∑𝐹𝑜
2/∑𝐹𝑐

2

 



 



 














	1 General introduction
	1.1 Foundations of X-ray diffraction
	1.2 Structure solution
	1.3 Data reduction
	1.4 Data scaling
	1.5 Independent atom model
	1.6 Figures of merit: Data
	1.7 Figures of merit: Model

	2 Charge density investigations
	2.1 Multipolar refinement strategy
	2.2 Local symmetry and chemical constraints
	2.3 Quantum theory of atoms in molecules
	2.4 Electrostatic potential and intermolecular interactions
	2.4.1 Pixel CLP Package
	2.4.2 Crystal Explorer


	3 Quality of Data in Single Crystal X-ray Diffraction
	3.1 Experimental
	3.2 Diffractometer setup and data acquisition
	3.2.1 Data processing
	3.2.2 Scaling and absorption corrections
	3.2.3 Structure refinement

	3.3 Results
	3.4 Conclusion

	4 Low energy contamination
	4.1 Empirical correction
	4.2 Experimental Details
	4.2.1 Data collection
	4.2.2 Data processing
	4.2.3 Missing reflections
	4.2.4 Theoretical validation

	4.3 Results
	4.4 Conclusion

	5 Collecting charge density data – A tough job for detectors
	5.1 Bruker APEX II
	5.2 Dectris Pilatus3 R CdTe 300K
	5.3 Bruker PHOTON II
	5.4 Experimental details
	5.5 Results

	6 Validation of charge-density models – When do we overfit?
	6.1 Cross-validation
	6.2 The method
	6.2.1 Starting model
	6.2.2 Is there more to learn from the k refinements?
	6.2.3 Can overfitting be visualized?

	6.3 Proof of concept
	6.3.1 Distribution of the refined parameters
	6.3.2 Distribution of the properties at the bond critical points
	6.3.3 Error detection
	6.3.4 Chemical Constraints
	6.3.5 Outlier detection
	6.3.6 A validation tool for reasonable refinements?

	6.4 Conclusion

	7 SPAnPS – the radiant polymorph
	7.1 A short history of SPAnPS
	7.2 Role of the space group on the acceptance of guests
	7.3 Processes connected to the packing
	7.4 Intermolecular attractions – insights from NMR
	7.5 Interaction energies – a computational approach
	7.5.1 A more complete picture of the packing
	7.5.2 HOMO/LUMO considerations

	7.6 An experimental protocol towards the comparability of fluorescence intensities

	8 Summary and outlook
	9 Neutron coupled charge density investigation of trans-SPAnPS@toluene (P21/n)
	10 Crystal Structure determinations
	10.1 cis-SPAnPS@EtOAc (P,𝟏.)
	10.2 cis-SPAnPS@Toluene (C2/m)
	10.3 trans-SPAnPS@Toluene (P,𝟏.)
	10.4 Collaboration with Ramachandran Azhakar (Roesky group)
	10.5 Collaboration with Sudipta Roy (Roesky group)
	10.6 Collaboration with Marina Frank (Clever group)
	10.7 Collaboration with Muxin Han (Clever group)
	10.8 Collaboration with Susanne Löffler (Clever group)
	10.9 Collaboration with Thorben Schulte (Clever group)
	10.10 Collaboration with Mavis Montero
	10.11 Collaboration with Markus Scheibel (Schneider group)
	10.12 Collaboration with Yanlin Wu (Schneider group)

	11 Appendix
	A3. Quality of Data in Single Crystal X-ray Diffraction
	A3.1. SADABS diagnostic plots
	A3.2. Significance of the data

	A4. Low energy contamination
	A4.1. Selected quality indicators after artificial addition of contamination to theoretical data.
	A4.2. Residual densities calculated for the same model against different un-/contaminated data.
	A4.3. plots for k3λ determination for structures 1 to 6
	A4.4. Crystallographic data for compound 1
	A4.5. Crystallographic data for compound 2
	A4.6. Crystallographic data for compound 3
	A4.7. Crystallographic data for compound 4
	A4.8. Crystallographic data for compound 5
	A4.9. Crystallographic data for compound 6
	A4.10. Systematic Errors
	A4.11. k3λ default values
	A4.12. Transmission-ratio vs. k3λ

	A5. Collecting charge density data – A tough job for detectors
	A5.1. Rr.i.m. values
	A5.2. Rp.i.m. values

	A6. Validation of charge-density models
	A6.1. Paracyclophane: Refinement strategy
	A6.2. Paracyclophane: Absorption correction and data scaling
	A6.3. Paracyclophane: XPREP data statistics
	A6.4. Paracyclophane: XDRfree results
	A6.5. Paracyclophane: XDRfree results for the bond critical points
	A6.6. Paracyclophane: Model quality indicators
	A6.7. iPr2SPAnH: Absorption correction and data scaling
	A6.8. iPr2SPAnH: XPREP data statistics
	A6.9. iPr2SPAnH: Refinement strategy
	A6.10. iPr2SPAnH: XDRfree parameter distribution

	A7. SPAnPS – the radiant polymorph
	A7.1. Powder diffraction
	A7.2. From trans to cis
	A7.3. Variation in emission intensity with crystal size. Emission spectra of trans-SPAnPS@benzene
	A7.4. Orientation dependence of the emission intensity of trans-SPAnPS@benzene
	A7.5. Anisotropic fluorescence
	A7.6. XD2006 refinement strategy and results
	A7.7. Resolution dependent errors
	A7.8. Anharmonic motion
	A7.9. XDPDF output

	12 Bibliography

